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ABSTRACT
The a p p l ica t io n  o f  instrum enta l neutron a c t iv a t io n  an a ly s is ,  
p r in c ip a l l y  employing s h o r t - l i v e d  is o to p e s ,  to  a r ch a e o lo g ica l  and 
environmental s tud ies  is  descr ibed . Techniques f o r  the production  
and measurement o f  s h o r t - l i v e d  iso topes  using a r e a c to r  f a c i l i t y  are 
d iscussed and eva luated  f o r  a v a r i e t y  o f  sample m atrices  by the 
es t im ation  o f  e lem enta l d e te c t io n  l im i t s .
C y c l ic  a c t iv a t io n  a n a ly s is ,  i d e a l l y  su ited  f o r  the measurement
o f  iso topes  w ith  t , < 60s, i s  considered  and optim ised  w ith  respect
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to  the ’ s i g n a l - t o - n o i s e T r a t i o  o f  a rad ion u c l id e  o f  i n t e r e s t .  The 
p o t e n t ia l  o f  the technique, in  the low energy photon reg ion  
(< 250 k e V ) , i s  demonstrated by determ ination  o f  e lem enta l s e n s i t i v i t i e s  
in  a v a r i e t y  o f  b i o l o g i c a l  m a te r ia ls .
In an environmental study o f  Oxford C ity -C en tre ,  the ana lys is  
o f  a i r  p a r t ic u la te s  p rov ides  r e s u lts  f o r  8  t im e-vary ing  e lem ental 
con cen tra t ion s ,C or re la t ion s  are drawn between these elements, t r a f f i c  
f lo w ,  f i l t e r  obscuration  and m e te o ro lo g ic a l  data , a lso  the 
concentrat ions  o f  5 hydrocarbons measured by gas chromatography.
The s u i t a b i l i t y  o f  thermal, ep itherm a l and r e a c to r  neutrons is  
in v e s t ig a te d  f o r  the measurement o f  bu lk , minor and trace  elements in  
s o i l s .  The most appropr ia te  method is  then app lied  to  the study o f  
v a r ia t io n s  in  e lemental concen tra t ion  w ith  s o i l  depth, f o r  the purpose 
o f  lo c a t in g  buried  s o i l s  o f  a r ch a e o lo g ica l  s i g n i f i c a n c e .  These re su lts  
are compared w ith  a d d it io n a l  p h y s ic a l  measurements performed on the
s o i l s ,  such as lo s s  on i g n i t i o n  and p a r t i c l e  s i z e  determ ination . The 
technique o f  c lu s t e r  ana lys is  i s  described  and employed to a id  in t e r ­
p r e ta t io n  o f  the m u lt i-e lem en ta l  r e su lts  obta ined.
A method is  d ev ised , employing c y c l i c  a c t i v a t io n ,  f o r  the
es t im at ion  o f  f lu o r in e ,  through the 20F is o top e  ( t , ^ 1 1s ),  in  a bone
2
m atr ix .  Correc t ions  are app lied  to  e l im in a te  the in te r fe r e n c e  from a 
f a s t  neutron r e a c t io n  o f  sodium. The technique i s  proven to  be m u lt i-  
elemental, more than 1 0  elements p er  b i o l o g i c a l  m atr ix  b e in g  de tec ted .  
F in a l l y ,  the method is  d iscussed in  r e la t i o n  to i t s  p o t e n t ia l  
a p p l ic a t io n  f o r  the dating o f  anc ien t bone, where the m u lt i-e lem en ta l 
c a p a b i l i t y  is  an advantage.
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CHAPTER 1
INTRODUCTION TO NEUTRON ACTIVATION ANALYSIS
1.1 In trodu c t ion
Neutron a c t iv a t io n  an a lys is  (NAA) was f i r s t  proposed by von 
Hevesy and L e v i  in  1936 and, although trea ted  as somewhat o f  a 
c u r io s i t y  u n t i l  the development o f  reac to rs  w ith  su b stan t ia l  neutron 
f lu x es  1 0 12n cm_ 2 s- 1 ) in  the mid-1940’ s ,  the f i e l d  has subsequently 
undergone dramatic growth. This growth, as measured by the number o f  
s c i e n t i f i c  p u b lica t ion s  in  the f i e l d ,  i s  exponen tia l and may be 
conven ien tly  expressed in  terms o f  a ’ doubling t im e ’ d e f ined  as ' th e  
length  o f  time f o r  the l i t e r a t u r e  to double in  s i z e ,  when growing at 
constant r a t e ’ . The doubling time f o r  a c t iv a t io n  an a lys is  pub lica t ion s  
has remained constant over the la s t  4 decades at 3.0 years  (Braun, 1977).
There are numerous reasons f o r  th is  rap id  expansion, some o f  which 
are ou t l in ed  below:
a) the most obvious advantage i s  the ve ry  h igh s e n s i t i v i t y  a t ta in a b le  
w ith  the techniques. Using a modest (by p resen t standards) r e a c to r  
neutron f lu x  o f  1 0 12n cm_ 2 s “ 1 i t  is  p os s ib le  to  d e te c t  the 
m a jo r i ty  o f  elements in  the p e r io d ic  tab le  a t  the p a r t -p e r -m i l l i o n  
(ppm) l e v e l  or below in  a la rg e  v a r i e t y  o f  m a tr ic es ;  no tab le  exceptions 
be ing the elements w ith  Z < 7.
b) under most i r r a d ia t io n  cond it ions  i t  i s  p o s s ib le  to measure a 
number o f  d i f f e r e n t  is o topes  s im ultaneously , making the technique 
m u lt ie lem en ta l.
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c) nuclear reac t ion s  are independent o f  the chemical s ta te  o f  the 
elements being measured.
d) the whole mass o f  a sample i s  ana lysed , by v i r tu e  o f  the neutron 
having no e l e c t r i c a l  charge which would cause severe  a ttenuation  
in m atter.
e )  instrumental neutron a c t iv a t io n  an a lys is  (INAA) in  which no chemical 
separations are performed b e fo re  o r  a f t e r  i r r a d ia t i o n ,  is  e s s e n t ia l l y  
n on -d es tru c t iv e ,  although ra d ia t io n  damage may become apparent 
depending on the m a te r ia l  and the neutron f lu ence  to which i t  is  
exposed .
f )  techniques s p e c i f i c a l l y  employing s h o r t - l i v e d  is o topes  are rap id , and 
th e re fo re  economical.
The la s t  decade has seen neutron a c t iv a t io n  an a lys is  develop in to  
a mature a n a ly t i c a l  technique, w ith  current research concen tra t ing  on 
nove l a p p l ic a t io n s ,  p r in c ip a l l y  f o r  use on a rou tine  b a s is .  One o f  the 
few remaining areas not to have been f u l l y  e x p lo i t e d ,  p r im a r i ly  f o r  
te ch n ica l  reasons, is  ana lys is  based on the d e tec t io n  and measurement o f  
s h o r t - l i v e d  iso topes  (0 .5s < T 3 < 'v h o u rs ) . T h ere fo re ,  th is  work 
descr ibes  the techniques which have been developed f o r  the measurement o f  
s h o r t - l i v e d  iso topes  su ita b le  f o r  rou t in e  an a ly s is .  A v a r i e t y  o f  these 
techniques, app lied  to  archaeo logy and environmental s c ien ce ,  have been 
examined and, whenever p o s s ib le ,  emphasis has been p laced  on the use o f  
s h o r t - l i v e d  iso topes  enab ling a c r i t i c a l  assessment o f  the techniques to 
be made.
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When an in c id e n t  neutron in te ra c ts  w ith  a ta r g e t  nucleus, i t s  
energy i s  r a p id ly  d is t r ib u te d  throughout the nucleus r e s u l t in g  in  the
production  o f  a n uc lea r  e x c i te d  s ta t e .  The l i f e t im e  o f  th is  e x c i t e d
1 5 *  • •s ta t e ,  t y p i c a l l y  1 0 ”  s ,  i s  v e ry  long compared w ith  the time requ ired
by the neutron to t r a v e rs e  the nucleus Ov 1 0 ” 18s f o r  a neutron o f
energy 0.025 e V ) , thus i t  may be concluded th a t the neutron has been
captured to form a compound nucleus. The compound nucleus is  h igh ly
e x c i t e d  due to  the la r g e  b ind in g  energy o f  the in c id en t  neutron and i t s
k in e t i c  energy . The mode o f  d e - e x c i t a t io n  depends only on the e x c i t a t io n
l e v e l ,  i r r e s p e c t i v e  o f  the way in  which the compound nucleus was formed.
Thus, f o r  any p a r t i c u la r  nucleus, the most probable  or p r e fe r r e d  mode o f
d e - e x c i t a t io n  depends on the energy o f  the in c id e n t  neutron.
The nuc lear  processes o f  in t e r e s t  in  neutron a c t iv a t io n  an a lys is  
may be d iv id ed  in to  the f o l lo w in g  c a te g o r ie s :
1) R a d ia t iv e  capture
2) Transmutation
3) I n e l a s t i c  s c a t t e r in g
each o f  which w i l l  be considered  b r i e f l y .  The product is o to p e  o f  any o f  these 
reac t ion s  may be r a d io a c t iv e  and measurement o f  the delayed emissions o f  
th is  ra d io is o to p e  forms the bas is  o f  neutron a c t iv a t io n  a n a ly s is .
In  g en e ra l ,  th e r e fo r e ,  when s ta b le  n u c le i  are i r r a d ia t e d  w ith  neutrons, 
the a c t i v i t y ,  33, o f  the r a d io a c t iv e  product i s  g iven  by:
-A t .
• 33 = NR(1 -  e 1) (1 .1 )
1,2 Neutron Induced R e a c t io n s
where A = decay co n s ta n t  f o r  p rod u c t  i s o t o p e
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= length  o f  i r r a d ia t i o n  
and NR = ’ sa tu ra t ion  a c t i v i t y ’
The number o f  ta r g e t  n u c le i ,  N, is  g iven  by:
(1.2)
where N Avogadro 's  Number
0
f f r a c t io n a l  abundance o f  ta rg e t  iso tope
m mass o f  t a r g e t  element
A atomic w e igh t o f  t a r g e t  element
and the re a c t io n  ra te  p er  ta r g e t  nucleus, R, in  i t s  most genera l form 
is  expressed as:
where o = r e a c t io n  c ro s s -s e c t io n  
and <j) = i r r a d ia t in g  neutron f lu x ,
both o f  which are functions  o f  the energy o f  the i r r a d ia t in g  neutrons 
( c f .  §1 .3 .1 )
Eq. (1 .1 )  is  on ly  c o r r e c t  i f  the number o f  ta r g e t  n u c le i  remains 
constant. This is  never s t r i c t l y  true ,  but under most circumstances 
N >> R . t^ ,  and th is  assumption can be made.
For the purposes o f  the fo l lo w in g  d iscuss ion , i t  i s  u se fu l to  
c l a s s i f y  neutrons accord ing to  t h e i r  energy , although the reg ions between 
the various d iv is io n s  are i l l - d e f i n e d .  A common c l a s s i f i c a t i o n  (Lapp and 
Andrews, 1972) i s : -
High Energy > 10 MeV
R =  <7<j> (1 .3 )
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Fas t 10 keV -  10 MeV
In term ed iate  100 eV -  10 keV
Slow 0.03 eV -  100 eV
Thermal 0.025 eV
A fu r th e r  ca tegory  o f  ’ c o ld ’ neutrons, w ith  energ ies  < 0.002 eV, i s  
sometimes included (Burcham, 1973).
The term thermal neutron r e fe r s  to  a neutron in  equ il ib r iu m  a t room 
temperature; the energy 0.025 eV corresponding to the most probable 
v e l o c i t y  (2200 m/s) o f  a Maxwellian d is t r ib u t io n  at 20°C.
1 .2 .1  R ad ia t iv e  capture
These reac t ion s  occur when the on ly  d e - e x c i t a t io n  channel o f  the 
compound nucleus is  through gamma em iss ion , usua lly  descr ibed  as an 
f ( n ,Y ) '  r e a c t io n .  Neutrons o f  any energy may p a r t i c ip a t e  in  th is  type o f  
rea c t ion  but thermal neutrons predominate s in ce  the absorption  c ross -  
s e c t io n  in  th is  energy reg ion  is in v e r s e ly  p ro p o r t ion a l  to  the neutron v e l o c i t y  
f o r  most n u c le i  ( s o - c a l l e d  ~  law ).  A lso , as neutrons are uncharged p a r t i c l e s ,  
they do not experience  a Coulomb repu ls ion  on approaching c lose  to  the 
ta rg e t  nucleus. Capture o f  a neutron con tr ibu tes  approximately 8  MeV o f  
b ind ing energy to the nucleus and, to complete the capture p rocess ,  ’ prompt1 
d e -e x c i t a t io n  o f  the compound nucleus occurs by the emission o f  a s in g le  
gamma, photon, or a sequence o f  quanta in  cascade. Again , th is  i s  a h igh ly  
favoured channel because the gamma photons have no p o t e n t ia l  b a r r i e r  to  
p en e tra te .  Thermal neutrons con tr ibu te  n e g l i g i b l e  k in e t i c  energy to  the 
compound nucleus and in  r a d ia t i v e  capture, th e r e fo r e ,  the gamma rays em itted  
have a t o t a l  energy o f  about 8  MeV.
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For many is o to p e s ,  the absorp tion  c r o s s -s e c t io n  f o r  neutrons in  
the energy range 0,1 eV -  10 keV ( l o o s e l y  termed ep itherm al neutrons) 
cons is ts  o f  a ^  s lope  w ith  sharp resonances superimposed. Neutrons 
w ith  en erg ies  corresponding to  these resonances w i l l  be s tro n g ly  absorbed 
(resonant capture) and in  some instances th is  mechanism may predominate 
over thermal neutron capture.
1 .2 .2  Transmutation
Reactions o f  th is  type occur when the compound nucleus d e -e x c ite s  
by the emission o f  a charged p a r t i c l e  transmuting the nucleus to  that 
o f  another element. The (n ,p )  and (n ,a )  reac t ion s  f a l l  in to  th is  c la s s ,  
and, in  most cases, requ ire  f a s t  neutrons to  be i n i t i a t e d .  There are 
two reasons f o r  th is ,  F i r s ' t l y ,  many (n ,p )  and (n ,a )  reac t ion s  are 
threshold  .reactions where the mass balance between the reactants  and 
products, the Q-value, is  such that e x t ra  energy is  requ ired  b e fo re  the 
re a c t io n  may proceed. The minimum energy at which the rea c t io n  is  
p o s s ib le ,  the threshold  energy , is  obta ined  from
ta rg e t  nucleus r e s p e c t iv e ly  and are requ ired  to account f o r  the r e c o i l  
energy o f  the compound nucleus. In  g en era l ,  (n ,p )  and (n,<x) threshold  
energ ies  are % few MeV.
th eory ,  s u f f i c i e n t  energy to  overcome the Coulombic p o t e n t ia l  b a r r i e r  
b e fo re  emission can proceed . The b a r r i e r  f o r  a g iv en  rea c t ion  is  expressed
(mn+ M)
(1 .4 )
f o r  an endoergic r e a c t io n ,  where ny and M are the masses o f  the neutron and
Secondly, any charged p a r t i c l e  must have, accord ing to c l a s s i c a l
by
(1 .5 )
~ 1 -
which represen ts  the magnitude o f  the p o t e n t ia l  when the product nucleus 
and em itted  p a r t i c l e  are ju s t  tangent ( i . e .  the maximum va lu e ) 
where e = e l e c t r o n i c  charge
Z,R = atomic number and radius r e s p e c t i v e ly  o f  the product 
nucleus (A) and em itted  p a r t i c l e  (a )  
and the constant o f  p r o p o r t io n a l i t y  depends upon the system o f  un its  used.
Thus, f a s t  neutrons are requ ired  to supply s u f f i c i e n t  energy to  the 
compound nucleus to perm it (n ,p )  and (n ,a )  r e a c t io n s .  Notab le  exceptions 
to th is  ru le  are to be found f o r  l i g h t  n u c le i  (where the p o t e n t ia l  b a r r i e r  
is  low, as shown by Eq. ( 1 .5 ) )  e .g .  1 0 B (n ,a )7L i  which has a thermal 
neutron cross s e c t io n  o f  3900 h (Lapp and Andrews, 1972).
1 .2 .3  I n e l a s t i c  s c a t t e r in g
I n e l a s t i c  s c a t t e r in g  d i f f e r s  from the p reced ing  absorption  processes 
in  that d e - e x c i t a t io n  o f  the compound nucleus is  by neutron em iss ion . The 
s ca t te re d  neutron comes away from the nucleus w ith  le ss  energy than the 
in c id e n t  neutron, the d i f f e r e n c e  in  energy go ing in to  an e x c i te d  s ta te  o f  
the r e s id u a l  nucleus. Two processes o f  i n e l a s t i c  s c a t t e r in g  are important 
in  the production  o f  ra d io is o to p e s ,  namely the ( n ,n ' )  and (n , 2 n) re a c t io n s .
The (n ,n f ) r e a c t io n  is  on ly  o f  in t e r e s t  in  a c t i v a t io n  an a lys is  when
the s ca tte red  neutron imparts s u f f i c i e n t  energy to  leave  the re s id u a l
nucleus in  a m etastab le  s ta t e ,  that i s  an e x c i te d  s ta t e  w ith  a l i f e t im e ,
1
t ( =  •—) ,  long enough to  be measurable by simple d i r e c t  tim ing techniques 
( t  > 'u 1 0 _ 5 s )  -  as compared w ith  the t y p ic a l  l i f e t im e  o f  a, 1 0 “ 15s f o r  an 
e x c i te d  nucleus. Such m etastab le  s ta tes  occur when d e - e x c i t a t io n  o f  the 
re s id u a l  nucleus is  on ly  p o s s ib le  by a nuc lea r  t r a n s i t io n  in v o lv in g  large spin 
changes between l e v e l s  o f  small energy d i f f e r e n c e ,  which is  a r e l a t i v e l y
-  8 -
slow process (Burcham, 1973). N u c le i  e x c i te d  to  these s ta tes  w i l l  
d i f f e r  from unexcited  n u c le i  on ly  in  th e i r  r a d io a c t iv e  p ro p e r t ie s  (no t 
in  charge or mass number) and are sa id  to be isom er ic  w ith  re sp ec t  to 
th e i r  ground s ta t e .  Only f a s t  neutrons are ab le to  undergo in e l a s t i c  
s c a t t e r in g  s ince  g e n e ra l ly  f o r  heavy elements the f i r s t  e x c i t e d  s ta te  
i s  about 100 keV (h igh er  f o r  low Z e le m e n ts ) . I t  should a lso  be noted 
that isom er ic  s ta tes  may be produced as a r e s u l t  o f  r a d ia t i v e  neutron 
capture r e a c t io n s ,  s ince  the compound nucleus is  l e f t  in  a h igh ly  
te x c i te d  s ta t e  which may be long l i v e d  i f  the d e - e x c i t a t io n  mode s a t i s f i e s  
the cond it ions  descr ibed  above.
In order f o r  the (n ,2n ) r e a c t io n  to  proceed , the in c id e n t  neutron 
must p rov id e  adequate energy to  the t a r g e t  nucleus to  exceed the b ind ing  
energy o f  the le a s t  bound neutron. In  p ra c t ic e  th is  means that the 
in c id en t  neutron must have a k in e t i c  energy o f  g r e a t e r  than about 8  MeV 
and th is  r e a c t io n  is  th e re fo r e  on ly  f e a s ib l e  f o r  high energy neutrons.
1.3 Neutron Sources
There are a wide v a r i e t y  o f  techniques a v a i la b le  f o r  the production  
o f  neutrons in  f lu xes  s u i ta b le  f o r  a c t i v a t io n  a n a ly s is .  These inc lude  
nuc lear r e a c to rs ,  i s o t o p i c  and photoneutron sources, h igh  energy changed 
p a r t i c l e  a c c e le ra to rs  and low energy deuteron a c c e le ra to rs  (neutron 
g e n e ra to rs ) .  However, a l l  excep t  the nuc lear r ea c to r  are ou ts ide  the 
scope o f  th is  work and w i l l  n o t  be d iscussed fu r th e r .  S im i la r ly ,  the 
p r in c ip le s  o f  ope ra t ion  o f  a r e a c to r  are e x t e n s iv e ly  descr ibed  in  the 
b ib l io g ra p h y  a t  the end o f  th is  chapter.
.O f fundamental importance in  a c t iv a t io n  an a lys is  is  an understanding 
o f  the r e a c to r  neutron spec tra  and t h e i r  e f f e c t  on the nuc lea r  r e a c t io n  ra te
-  9 -
described  in  §1.1. Unmoderated f i s s i o n  neutrons range in  energy from 
0-25 MeV w ith  the mean a t  about 2 MeV and s e v e ra l  sem i-em p ir ica l formulae 
have been suggested to  d escr ib e  the f i s s i o n  f lu x ,  the most w id e ly  quoted 
be ing  the Watt (1952) spectrum. These neutrons are slowed down by 
c o l l i s i o n s  w ith  the moderator and in  the in term ed ia te  energy range show 
an energy d is t r ib u t io n  which va r ie s  as ~  f o r  a medium showing n e g l i g i b l ehi
neutron absorption  or leakage .
Even tua lly  the neutrons reach thermal equ il ib r iu m  w ith  the moderator
in  which case the thermal f lu x  as a fun ct ion  o f  energy is  descr ibed  by a
Maxwell-Boltzmann d is t r ib u t io n  w ith  the most probable neutron v e l o c i t y
corresponding to the moderator temperature (T ) through the r e la t i o n
E = kT where k i s  Boltzmann’ s constant. Here, again, i t  i s  assumed that no n m
absorption  or  leakage occurs. However, neutron absorption  is  not n e g l i g i b l e  
in  a r e a c to r ,  and, s ince  the absorption  cross s ec t io n  o f  n ea r ly  a l l  
m a te r ia ls  decreases w ith  energy , the neutrons at lower energ ies  w i l l  be 
p r e f e r e n t i a l l y  absorbed. This leads to  a d is t o r t io n  o f  the d is t r ib u t io n  so 
that i t  peaks at a h igh er  energy ,  known as ’ harden ing 1 o f  the spectrum.
Neutron leakage a lso  o ccu rs , and is  p r e f e r e n t i a l  f o r  h igh er  energy n eu tron s , 
tending to  ’ s o f t e n '  the spectrum, but in  generaL the former e f f e c t  predominates.
The neutron f lu x  a t  any p o s i t io n  w ith in  the r e a c to r  i s  a continuous 
d is t r ib u t io n  c on s is t in g  o f  some combination o f  these three energy sp ec tra .
I t  i s  p o s s ib le ,  by the s u i ta b le  cho ice  o f  an absorber, to  modify the 
i r r a d ia t in g  neutron f lu x .  Cadmium is  one such m a te r ia l  which has a neutron 
absorption  cross s e c t io n  such that i t  i s  e f f e c t i v e l y  opaque to  thermal 
neutrons but transparent to  ep itherm a l neutrons above the cadmium c u t - o f f  
energy , E ^ . The va lue  o f  Ecd depends on the thickness o f  the cadmium 
f i l t e r  and i r r a d ia t i o n  geometry but i s  approxim ately 0.5 eV.
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When a n u c l id e  i s  i r r a d ia t e d  in  a r e a c to r ,  neutrons w ith  energ ies  
spanning some nine decades are a v a i la b le  f o r  in t e r a c t io n  and, as the 
cross s e c t io n  f o r  any process i s  energy dependent, the r e a c t io n  ra te  
d e f in ed  in  Eq. (1 .3 )  becomes:
1 ,3 .1  R e a c t io n  r a t e s  f o r  r e a c t o r  i r r a d i a t i o n s
R = c|>(E)a(E)dE (1 .6 )
J 0
In  the case o f  r a d ia t i v e  capture r e a c t io n s ,  the con tr ib u t io n  to  the 
r e a c t io n  r a te  from raw f i s s i o n  neutrons i s  so small as to  be n eg lec ted  and 
R i s  u sua lly  expressed in  the form:
R = ♦th°0 + f e 1 ' n . 7 )
where <j> ^ = conventiona l thermal neutron f lu x  up to
Op = 2 2 0 0  ms" 1 cross s e c t io n  f o r  a n u c l id e  obey ing the ~  law 
<}> -  ep itherm al neutron f lu x  per un it lo ga r i th m ic  energy in t e r v a l
G
I  = i n f i n i t e l y  d i lu t e  resonance in t e g r a l  d e f in ed  by:
- J o (E ) (X . 8 )
ECd
The re a c t io n  ra te  f o r  the same m a te r ia l  I r r a d ia t e d  under cadmium i s :
RCd = Z 1 U-9>
and the r a t i o  o f  the two re a c t io n  ra tes  i s  termed the cadmium r a t i o  (C R ) :
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The cadmium r a t i o  i s  a very  convenient means o f  exp ress ing  the 
epithermal a c t iv a t io n  p ro p e r t ie s  o f  a n u c l id e .  I r r a d ia t io n  f a c i l i t i e s  
are u sua lly  cha rac te r is ed  by the cadmium r a t i o  o f  *97Au (o r  6 9 C o ) , as 
a standard measure o f  the r e l a t i v e  magnitude o f  the ep itherm al f lu x  
component. Once the CRAu is  known, the cadmium r a t i o  o f  any n u c l id e  
in  that s p e c i f i c  r e a c to r  p o s i t io n ,  can be ca lcu la ted  accord ing to  the 
fo l lo w in g  exp ress ion :
CR = 1 +  ( crx a . I  Au
0 ,Au x
1) (1.11)
provided  that the constants f e  and I  are known f o r  the n u c l id e  in  question  
(denoted by subscr ip t x) and assuming a ~  neutron energy d is t r ib u t io n  in  the£j
in term ed ia te  r e g io n .  These va lues have been tabu lated  f o r  a la rg e  number
o f  commonly encoutered nuc lides  (De Soete e t  a l . ,  1972; IAEA, 1974) but
la rg e  gaps do appear in  the data, e s p e c ia l l y  f o r  some s h o r t - l i v e d  is o to p es .
The cadmium r a t i o  w i l l  in  most cases be l i t t l e  dependent on the cadmium
th ickness , unless the absorption  c r o s s -s e c t io n  has resonances a t  or near E _ ,,
Cd
The re a c t io n  ra te  f o r  th resho ld  (transm utation  or in e l a s t i c  s c a t t e r in g )  
r e a c t io n s ,  which must be i n i t i a t e d  by f a s t  neutrons from the f i s s i o n  
spectrum, i s  g iven  by:
R = a (E ) f  (E)dE
a (E ) f (E )  dE as a (E ) = 0 f o r  E < Er
(1.12)
where. f (E )  represen ts  the f r a c t io n  o f  the f i s s i o n  neutron f lu x  between E 
and E + dE. A ' f i s s i o n  spectrum averaged cross s e c t i o n ' ,  a ,  and an 
'e q u iv a le n t  f i s s i o n  f l u x ' ,  f e ,  are de f in ed  as:
-  12 -
a(E ) f  (E) dE 
4 0
a -  — — — -----  (1 .1 3 )
I f  (E)dE0
f (E )d E  (1 .1 4 )
0
in  which case ( 1 . 1 2 ) reduces to :
R = a <|>f  (1 .1 5 )
Tabulated values o f  ct (IAEA, 1974)are usua lly  c a lcu la ted  w ith  resp ec t  
to  a w e l l - d e f in e d ,  unperturbed f i s s i o n  neutron spectrum, usua lly  that o f  
235u. in  p r a c t ic e ,  i t  i s  convenient to  assume tha t the r e a c to r  f a s t  f lu x  
fo l lo w s  th is  spectrum although th is  i s  never s t r i c t l y  true .
1 .3 .2  The U n iv e r s i ty  o f  London Reactor
A l l  i r r a d ia t io n s  descr ibed  in  th is  work were c a r r ie d  out in  the 
U n iv e r s i ty  o f  London Reactor C en tre ’ s CONSORT I I  Reactor .  The r e a c to r  i s  
o f  the swimming poo l type , b e in g  moderated, r e f l e c t e d ,  coo led  and 
p a r t i a l l y  sh ie ld ed  by l i g h t  w a te r .  The 24 fu e l  elements which compose the 
core are o f  uranium (80% 2 3 5 U) -  aluminium a l lo y  c lad  in  high p u r i t y  
aluminium and s i tu a ted  in  a tank o f  dem ineralised  water approxim ately  7  m 
deep and 1 m in  d iameter. A t the maximum opera t in g  power o f  100 kW, w ater  
f low  through the core is  ad justed  to  g iv e  a temperature r i s e  o f  10°C between 
in l e t  and o u t l e t ,  and a steady temperature i s  maintained by c i r c u la t in g  the 
water through an e x te rn a l  a i r - c o o le d  r a d ia to r .
Con tro l o f  the r e a c to r  is  ach ieved by fou r c on tro l  rods which move 
v e r t i c a l l y  in  aluminium ducts lo ca ted  between the fu e l  e lements. The one 
’ s a f e t y ’ and two ’ coa rse ’ rods are o f  cadmium clad in  s ta in le s s  s t e e l  and
-  13 -
the fou r th ,  ' f i n e ' ,  rod is  o f  s ta in le s s  s t e e l .  The rods are ra ised  and 
lowered e le c t ro m a g n e t ic a l ly  and f a l l  under g r a v i t y  in  the event o f  a 
shut-down. The b i o l o g i c a l  s h ie ld  i s  o f  concrete  having a minimum ra d ia l  
th ickness o f  about 2 . 5  m excep t on two oppos ite  faces  where removable 
concrete  b locks a llow  access to  i r r a d ia t i o n  f a c i l i t i e s .  In  the v e r t i c a l  
d i r e c t io n ,  4  m o f  water and two concre te  f i l l e d  t r o l l e y s  comprise the 
s h i e ld in g .
1 .3 ,3  I r r a d ia t io n  f a c i l i t i e s
The re a c to r  contains a v a r i e t y  o f  f a c i l i t i e s  (Burholt , 1976) f o r  
the i r r a d ia t i o n  o f  samples and f o r  the p ro v is io n  o f  e x te rn a l  beams o f  
neutrons. Three o f  these are o f  s ig n i f i c a n c e  to  th is  work, namely, the in -  
core i r r a d ia t i o n  system (IC.IS) , a core  tube (270 °/3CT) and a thermal f a c i l i t y  
(0 °S T F ) . F ig .  (1 .1 )  in d ic a te s  the r e l a t i v e  p o s i t io n s  o f  each o f  these 
i n s t a l l a t i o n s .
The in -c o re  i r r a d ia t i o n  system, which has a f a s t  pneumatic t r a n s fe r  
system assoc ia ted  w ith  i t  ( § 3 . 2 ) ,  enables samples to  be i r r a d ia t e d  in  the 
water moderator at the cen tre  o f  the core  f o r  periods  from a few seconds 
to  s e v e ra l  hours. Being lo ca ted  so c e n t r a l l y ,  as shown in  F ig .  ( 1 . 2 ) ,  th is  
s i t e  possesses the h igh es t  thermal f lu x  o f  a l l  the experim enta l f a c i l i t i e s .  
F ig .  (1 .2 )  a lso  shows the aluminium tubes, in s t a l l e d  on the 0° and 270° faces  
o f  the r e a c to r  core ,  p rov id ed  f o r  long i r r a d ia t io n s  ( t  8  hours ).  Sample 
conta iners  are mounted in  c a r r ie r s  (maximum o f  6 / c a r r ie r )  which are lowered 
manually in to  the tubes w h i l s t  the r e a c to r  is  shut-down.
The th ird  p o s i t io n ,  a thermal f a c i l i t y ,  i s  lo ca ted  in  a g raph ite  
b lock  ou ts ide  the water tank. Samples are loaded along a h o r iz o n ta l  channel 
by means o f  a f l e x i b l e  push-rod and removed by a suction  tube connected to
. f e
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a vacuum pump. I r r a d ia t io n  times o f  lon ger  than about 30 s are p o s s ib le  
w ith  th is  system,
1 .3 .4  F lux measurements
Although f lu x  monitors or comparator standards were r o u t in e ly  used 
f o r  in d iv id u a l  experim ents, measurements were made o f  the neutron f lu x es  
in  these th ree  p o s i t io n s  in  o rder to  p r e d ic t  the induced a c t i v i t y  o f  
i r r a d ia t e d  n u c l id e s .  A c t iv a t io n  d e t e c to r s ,  in  the form o f  h igh  p u r i t y  
e lem enta l f o i l s  and w ires  were used f o r  th is  purpose. This technique 
has many advantages, p r in c ip a l l y  i t s  d is c r im in a t ion  aga in st non-neutron 
ra d ia t io n  and s e n s i t i v i t y  o ve r  a w ide range o f  en e rg ie s  by ju d ic iou s  
choice  o f  m a te r ia ls ,  although measurements are l im i te d  by the accuracy 
w ith  which nuclear data o f  -the t a r g e t  nuc lides  are known and the 
accuracy w ith  which re a c t io n  a c t i v i t i e s  can be determined.
The s e l e c t i o n  o f  d e te c to rs  f o r  a c t i v a t io n  measurement depends on 
the energy reg ion  o f  i n t e r e s t  and the f lu x  d en s ity  in v o lv e d ;  these 
c r i t e r i a  are d iscussed a t length  by Boot (1977 ).  Gold, cob a lt  and n ic k e l  
f o i l s  were used f o r  f lu x  measurements in  IC IS , go ld  f o i l s  on ly  f o r  the 0°STF 
w h i l s t  i r o n  w ir e  was used in  270°/3CT. The p h ys ica l  and nuc lear  parameters 
o f  these a c t iv a t io n  d e tec to rs  are summarised in Table ( 1 . 1 ) .  M a te r ia ls  
were chosen to  be as th in  as p o s s ib le  such that f lu x  depress ion  and s e l f ­
s h ie ld in g  e rro rs  were minimised. Gold and cob a lt  both have s u b s ta n t ia l  
thermal neutron capture cross sec t ion s  and dominant resonances in  the 
ep itherm al reg ion  a t  4.9 and 132 eV r e s p e c t i v e l y .  By i r r a d ia t in g  these two 
f o i l s  in d iv id u a l l y ,  w ith  and w ithou t cadmium s h ie ld in g ,  i t  i s  p o s s ib le  to  
ob ta in  not on ly a va lue f o r  the thermal neutron f lu x ,  but a lso  an est im ate  
o f  how c lo s e ly  the — law is  adhered to  in  the in te rm ed ia te  energy re g io n .
-  17 -
Tab le  ( 1 . 1 )  : A c t i v a t i o n  d e t e c t o r  data  f o r  f l u x  c a l c u la t i o n s
D etec tor Au Co Ni Fe
Geome try f o i l f o i l f o i l w ir e
P u r i t y  (%) 99 99.9 99.999 99 99
Thickness (ym) 0 . 1 1 . 0 500 4 500
Dimensions (mm) <f> 7 4 7 2 x 5 'v 15
Mass (mg) ^ .074 .342 56.2 90 3
Reaction (n ,y ) (n ,y ) (n ,p ) (n ,y ) (n ,p )
Product is o tope 198Au 60Co 58Co 5 9Fe 54Mn
R a l f - l i f e a (days) 2.7 1920 71.3 45 303
Gamma energya (lceV) 412 1173 810 1099 835
In t e n s i t y a (%) 95 1 0 0 99 56 1 0 0
D etec tor  e f f i c i e n c y  (%) 1.9 0.51 0.80 0.55 0.78
Target is o top e  abundancea (%) 1 0 0 1 0 0 67.76 0.31 5.84
Atomic w e igh t 0 196.97 58.93 58.71 55.85 55.85
o Qd(barns) 98.8 38.0 - 1.15° -
I d (b am s ) 1550 75.0 - 1.19° -
Resonance energy (eV) 4.9 132 - 230 -
a13 (barns) - - 0.113 • - 0.0741
References f o r  Tables (1 .1 )  and ( 1 . 2 ) :  a: Lederer  e t  a l . , (1968)
b : Boot, (1977)
c :  De Soete e t  a l . ,  (1972)
d: IAEA, (1974)
e :  Bereznai and Mac Mahon, (1977) 
f :  B urholt ,  (1977)
Table (1 .2 )  : Summary o f  f lu x  measurements f o r  three f a c i l i t i e s  (Nov. 1977)
F a c i l i t y c^t^n cm 2s 1 c r aAu CRCo Be fen cm 2s 1 (d e t e c to r )
ICIS 1.9 x i o 12 2.08 10.25 + . 0 1 0 9.9 x 1011 N i
0°STF 1 . 1  x 1 0 1 1 3.59° 15.1° -.162 8.2 x i o 0 f N i
270°/3GT 1 . 0  x 1 0 1 2 (max) - 1 5 .7f - 2.9 x 1 0  H (max) Fe
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Bereznai and Mac Mahon (1977) have expressed  d ev ia t ion s  in  th is  reg ion  
by assuming the ep itherm al f lu x  energy dependence to  be o f  the form
♦e(E) = ( 1 . 1 6 )
E
* 1’and, by a ls o  assuming that the re a c t io n  cross s e c t io n  fo l lo w s  the — law 
except a t  the resonance, have c a lc u la ted  the va lue  o f  8  f o r  a number o f  
d e te c to r  combinations. N ic k e l  was chosen as a s u i ta b le  th resho ld  d e te c to r  
f o r  f a s t  f lu x  measurements through the use o f  the (n ,p )  r e a c t io n ,  although 
cadmium s h ie ld in g  o f  the f o i l  was found necessary  to  suppress unwanted 
a c t i v i t y  from thermal neutron capture. The r e a c t io n  ra te  as a fun ct ion  o f  
energy is  such that 90% o f  induced a c t i v i t y  is  produced by neutrons w ith  
en erg ies  between 2.5 and 6 . 6  MeV (IAEA, 1970).
F o i l s  were i r r a d ia t e d  in  ICIS and 0 GSTF w ith  a f i x e d  geometry f o r  
per iods  chosen to  produce a c t i v i t i e s  s u i ta b le  f o r  counting on a gamma 
spectrom eter . In  the case o f  c o b a lt  and n i c k e l ,  m etastab le  iso topes  are 
a lso  produced through the reac t ion s  5 9 C o (n ,y ) 6 0 Com and 5 8 N i ( n , p ) 5 8 Com w ith  
h a l f - l i v e s  o f  10.5 min and 9.2 h r e s p e c t i v e l y .  These iso topes  decay by isom er ic  
t r a n s i t io n  to  the ground s ta t e  and thus th e i r  presence in t e r f e r e s  w ith  the 
a c t i v i t y  measurements o f  80Co and 5 8 Co. Consequently, adequate w a it in g  
times were a l low ed  f o r  the m etastab le  iso topes  to com plete ly  decay b e fo r e  
counting commenced thus s im p l i f y in g  the f lu x  c a lc u la t io n s .  The go ld  f o i l s  
used were so th in  as to  make weigh ing  extrem ely  in accu ra te .  Cadmium ra t io s  
were th e r e fo r e  obta ined  by i r r a d ia t in g  the same f o i l s  tw ic e ,  once w ith  and 
once w ithou t cadmium s h ie ld in g ,  and a l lo w in g  s u f f i c i e n t  time between f o r  a l l  
a c t i v i t y  to  decay.
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Iron  w ires  were chosen f o r  use in  270°/3CT. W h ils t  in  the o ther two 
f a c i l i t i e s  short  i r r a d ia t io n s  n e c e s s i ta te  samples be ing  a c t iv a te d  i n d i v i ­
d u a l ly ,  i t  i s  p r a c t ic e  during long i r r a d ia t io n s  f o r  as many samples as 
p o s s ib le  (u su a l ly  1 2 ) to  be a c t iv a te d  s im ultaneously  in  one con ta in er .
The standard conta iners  are 75 mm in  length  and th e re fo r e  i t  is  reasonable  
to  expect that there  w i l l  be app rec iab le  f lu x  g rad ien ts  a long the con ta in er ,  
r e s u l t in g  in  d i f f e r e n t  samples r e c e iv in g  unequal f lu ences  over  the i r r a d ia t i o n  
p e r io d .  This problem is  overcome in  small research rea c t ion s  ( e . g .  TRIGA) by 
p la c in g  the samples in  a r o ta t in g  ca rou se l.  This f a c i l i t y  is  not a v a i la b le  
in  the CONSORT I I  r e a c to r  and so f in e  iron  w ires  were p laced  a long the whole 
length  o f  ^containers in  the two i r r a d ia t i o n  p o s i t io n s  c lo s e s t  to  the 
centre  o f  the core w ith in  270°/3CT. Upon removal from the c o re ,  each w ire  
was d iv id ed  in to  6  equal len g th s ,  weighed and th e i r  a c t i v i t y  measured.
Iron  has the advantage tha t the 5 8 F e ( n , y ) 59Fe r e a c t io n  can be used f o r  
thermal f lu x  determ ination  w h i ls t  a t  the same time the 5 4 F e (n ,p )54Mn 
re a c t io n  is  a s u i ta b le  th resho ld  d e t e c to r .  This re a c t io n  is  an example o f  
a th resho ld  r e a c t io n  w ith  a p o s i t i v e  Q-value.
The th resho ld  energy = -  0.09 MeV (=  -  Q, f o r  an e xo e rg ic  
r e a c t i o n ) , but f o r  em ission o f  a proton s u f f i c i e n t  e x t ra  energy must be 
a v a i la b le  to  overcome the Coulomb b a r r i e r ,  and the E f f e c t i v e  Threshold 
Energy, E as d e fin ed  by Hughes (1953) has a va lue  o f  4.4 MeV. F ig .  (1 .3 )
shows the thermal and f a s t  f lu x  d is t r ib u t io n  through the 270°/3 Core Tube, 
w ith  r e sp ec t  to  the h o r iz o n ta l  c e n t r e - l in e  o f  the c o re ,  as determined by the 
iron  w irem o n ito rs , There is  a 10.7% d i f f e r e n c e  between the h igh es t  and low est 
thermal f lu x  values and 13.3% f o r  the f a s t  f lu x ,  the s te ep es t  g ra d ien t  
be ing  5% cm- 1 , which would in troduce con s iderab le  d isc repanc ies  in  
a c t iv a t io n  measurements between samples, w ithou t c o r r e c t io n .  The e r ro rs  in  
the (j)t ^/<})t ^(max) and ^ / ^ (m a x )  va lu es ,  due p r in c ip a l l y  to w e igh ing  and 
counting are est im ated  a t  ± 1% and ± 3% r e s p e c t i v e ly .
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F ig .  (1 .3 )  : V e r t ic a l  d is t r ib u t io n  o f  thermal and f a s t  f lu xes  through 
the 270°/3 Core Tube.
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The iron  w ires  were a lso  used to estim ate absolute va lues f o r
fek fe> arid these are summarised toge th er  w ith  the r e su lts  from
the other f a c i l i t i e s  in  Table ( 1 . 2 ) .  For cou p le ten ess , m issing data
has been supplied  from o ther  sources as in d ica ted .  I t  i s  est im ated  that the
f lu x  measurements are accurate to w ith in  ± 7% w h i ls t  the cadmium ra t io s
have an assoc ia ted  e r r o r  o f  < ± 1%. These re su lts  are g e n e ra l ly  in  c lose
agreement w ith  other more comprehensive f lu x  measurements made by Burholt
(1977) and Ber.eznai and Mac Mhhon (1977) and f o r  th is  reason 8  values have
been included from the l a t t e r  r e fe r e n c e .  As mentioned in  §1 .3 .3 ,  ICIS
possesses the h igh es t  thermal f lu x  due to i t s  c en tra l  lo c a t io n  in  the core
and, be ing  so c lose  to the f u e l ,  has a very  cons iderab le  f a s t  f lu x .  A ls o ,
a t  in term ed ia te  en e rg ie s ,  the data is  c on s is ten t  w ith  a ^  ep itherm al neutronis
spectrum (B j-^g  0) • The 270°/3 Core Tube be ing  lo ca ted  a t the s ide  o f  
the core , has thermal and f a s t  f lu x es  reduced by fa c to rs  o f  1 . 9  and 3 . 4  
when compared w ith  IC IS ,  w h i l s t  the 0°STF e x h ib i ts  a v a s t l y  d i f f e r e n t  neutron 
spectrum. The thermal f lu x  is  lower by a fa c to r  o f  17 on ICIS but the fa s t  
f lu x  component is  reduced by more than two orders o f  magnitude making th is  
a ’ moderately thermal' f a c i l i t y .  The 8  va lue in d ica tes  that here the
epithermal spectrum i s  app rec iab ly  'h a rd e r '  than on I- spectrum (Bereznai andis
Mac Mahon, 1977).
1.4 Decay Modes o f  Rad io iso topes
Neutron a c t iv a t io n  a n a ly s is ,  as s ta ted  e a r l i e r ,  r e l i e s  on the 
d e tec t ion  o f  ra d ia t ion s  em itted  by ra d io iso to p es  produced through neutron 
bombardment, the measured a c t i v i t y  lead in g  to an est im ate  o f  the qu an tity  o f  
a p a r t i c u la r  element p resen t in  the sample. The t o t a l  number o f  counts 
(D0 bs ) •recorded  by a r a d ia t io n  d e te c to r  from the decay o f  a neutron produced 
rad ion u c l id e  i s  r e la t e d  to the mass o f  the i r r a d ia t e d  element by:
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—  R e (E ) I (E )  (1 -  e l ) e  w l l z i  L (1 .1 7 )
which is  obta ined  by a combination o f  Eqs. ( 1 . 1 ) ,  (1 .2 )  and the exponen tia l 
decay law; the symbols n o t  p re v io u s ly  d e f in ed  r e f e r r in g  to :
t = time between end o f  i r r a d ia t i o n  and s t a r t  o f  count w
t  = counting time
e (E ) = d e te c to r  e f f i c i e n c y  f o r  em itted  ra d ia t io n  o f  energy E
1(E) = absolu te  in t e n s i t y  o f  em itted  r a d ia t io n  o f  energy E
Decay o f  a neutron produced rad io iso tope ,  in yo lve s  the em ission  o f  (3-parti 'c les 
(e le c t r o n s  or p o s i t r o n s ) ,  e le c tro m a gn e t ic  r a d ia t io n  CY o r  X  r a y s ) ,  o r ,  f o r  a 
v e ry  l im ite d  number o f  n u c l id es ,  neutrons (e .,g . Qr  a - p a r t i c l e s  ( e . g .  ~*8 N) ,
Corresponding d e te c t io n  systems o f  v a ry in g  degrees o f  com plex ity  have been 
designed to measure these r a d ia t io n s ,  some be in g  s p e c i f i c  w h i l s t  others 
cannot d isc r im in a te  between d i f f e r e n t  types o f  r a d ia t io n .  However, by fa r  
the most v e r s a t i l e ,  and popu lar, technique in  a c t i v a t io n  an a lys is  i s  that o f  
gamma and X-ray spectrom etry in  which, the energy and in t e n s i t y  o f  the e l e c t r o ­
magnetic r a d ia t io n  em itted  during r a d io is o to p e  decay i s  measured. The p r in c ip a l  
advantage is  the f a c t  that the gamma rays are  m onoenergetic , the energy be ing  
e n t i r e l y  determined by the nuc lear  t r a n s i t io n s  in vo lv ed  and, th e r e fo r e ,  when 
combined w ith  h igh  e n e rg y - r e s o lu t io n  d e t e c to r s ,  f a c i l i t a t e s  i d e n t i f i c a t i o n  o f  
the paren t rad ion u c lides  ( s im i l a r l y  f o r  X -rays ,  which r e s u l t  from e le c t r o n ic  
t r a n s i t i o n s ) . A ls o ,  depending on the decay schemas in vo lv ed ,  the gamma photons 
may be em itted  in  cascade making p o s s ib le  the use o f  co in c idence  systems in  
s i tu a t io n s  where in t e r f e r in g  a c t i v i t i e s  are p resen t .  Since gamma spectrom etry 
was used throughout the work repo r ted  h ere ,  the f o l lo w in g  paragraphs discuss 
b r i e f l y  the decay modes r e s u l t in g  in  gamma or X -ray em iss ion , w h i ls t  
subsequent sec t ion s  d escr ibe  the d e te c to rs  used f o r  th e ir  q u a n t i ta t iv e  
measurement (§1 .5 )  and the data an a ly s is  methods C§1.6 ).
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Just as the product nucleus o f  a neutron induced r e a c t io n  may be 
l e f t  in  an e x c i t e d  s ta te  which i s  r e l i e v e d  by the em iss ion  o f  'prompt' 
gamma rays ,  so the daughter nucleus ob ta ined  by a, 3  > 3  ° r  e le c t r o n  
capture processes may em it gamma rays by t r a n s i t io n  from an e x c i te d  s ta te  
to the ground s t a t e .  Alpha decaying is o topes  are on ly  r a r e l y  encountered in  
a c t iv a t io n  a n a ly s is ,  but the converse i s  true f o r  is o topes  decaying by 3  
em ission. This i s  the mode o f  decay f o r  is o top es  showing a neutron 
excess such as most produced by neutron capture r e a c t io n s ,  s ince  nuclear 
s t a b i l i t y  i s  r e la t e d  to the proton-neutron  r a t i o .  Emission o f  a 3 p a r t i c l e  
i s  the r e s u l t  o f
- f — —.
n •+ p + 3  + v
in which the excess neutron is  converted  to  a proton  and a 3  p a r t i c l e  toge th e r  
w ith  an a n t i -n e u t r in o .
When a nuc lear r e a c t io n  y i e ld s  an is o to p e  w ith  a pro ton  excess ,  3+ 
em ission and e le c t r o n  capture (E .C . )  are the two competing modes o f  decay.
The p ro ton  may be transformed in to  a neutron with, the em ission o f  a p os it ron  
and a neu tr ino  accord ing t o :
p -+ n° + 8 + v
The proton  mass is  le s s  than the neutron mass and th e r e fo r e  cond it ions  f o r
th is  r e a c t io n  to occur are only favou rab le  when the daughter is o tope  is  at 
l e a s t  two e le c t r o n  masses l i g h t e r  than the paren t.  A l t e r n a t i v e l y ,  e le c t r o n  
capture may occur, in  which the nucleus captures an o r b i t a l  e le c t r o n  to 
s a t i s f y  the rea c t io n
p + e -+ n° + v
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As can be seen, th is  r e a c t io n  is  e n e r g e t i c a l l y  more favourab le  (by 
2  e le c t r o n  masses) than p o s it r o n  em ission  and so predominates when the 
energy d i f f e r e n c e  between paren t and daughter i s  sm a ll .  The vacancy, usua lly  
in  the IC-shell i s  f i l l e d  by rearrangement o f  the remaining o r b i t a l  e le c t ro n s  
y i e ld in g  X-rays c h a r a c t e r i s t i c  o f  the daughter nucleus.
Gamma rays w i l l  a lso  be em itted  when a metastable s ta te  (§ 1 .2 .3 )  decays 
to the ground s ta t e ,  c a l le d  isom er ic  t r a n s i t io n  ( I . T . )  the gamma rays again 
rep resen t in g  the energy d i f f e r e n c e  between the two s t a t e s .
Gamma ray em ission  abundances are m od ified  by the competing process 
o f  in te rn a l  convers ion  ( IC )  . A gamma ra y ,  em itted  by the nucleus, in te ra c ts  
w ith  an o r b i t a l  e l e c t r o n  r e s u l t in g  in  the e j e c t io n  o f  that e le c t r o n  w ith  
k in e t i c  energy equal to tha t o f  the gamma ray minus the e le c t r o n  b ind ing  
energy . The vacancy i s  f i l l e d  in  the same manner as f o r  e le c t r o n  capture 
g iv in g  r i s e  to c h a r a c t e r i s t i c  X -rays .  The convers ion  c o e f f i c i e n t  de f in es  
the degree o f  com petit ion  between in te rn a l  conversion  and gamma emission by 
the r a t i o  o f  the number o f  e le c tro n s  to the number o f  y -rays  em itted  per 
e x c i t e d  nucleus.
I t  i s  in t e r e s t in g  to note  that Tlin  $ -s tab le  n u c le i  an isom er ic  tran ­
s i t i o n  i s  usua lly  accompanied by in te rn a l  conversion  e le c t r o n s ,  s ince  the 
cond it ions  f o r  isomerism are ju s t  those f o r  h igh  in te rn a l  conversion  
c o e f f i c i e n t s ” (Burcham, 1973), namely low energy nuc lear  t ra n s i t io n s  
in v o lv in g  la rge  changes in  sp in .  Thus, to  g e n e ra l is e ,  the decay o f  a meta- 
s tab le  s ta te  i s  o f t e n  a ssoc ia ted  w ith  the em ission o f  low energy gamma rays 
and X-rays c h a r a c t e r i s t i c  o f  the parent is o to p e ,  use o f  which w i l l  be  made 
in  Chapter 3.
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F ig .  (1 .4 )  : Schematic diagram o f  a semiconductor 
gamma ray spectrom eter system ..
1.5 Semiconductor Gamma Ray Spectrometers
A b lock  diagram o f  a semiconductor spectrometer system is  shown 
in  F ig .  ( 1 . 4 ) .  Since s e v e ra l  combinations o f  detector/main a m p l i f ie r/  
multichannel ana lyser (M .C .A .)  were used during the course o f  th is  work, 
the fo l lo w in g  sec t ion s  are r e s t r i c t e d  to general con s idera t ion s  w h i ls t  
s p e c i f i c  d e t a i l s  such as e f f i c i e n c y  and r e s o lu t io n  are included in  the 
r e le v a n t  chapters.
1 .5 .1  Semiconductor d e tec to rs
Semiconductor d e tec to rs  were developed  in  the e a r ly  s i x t i e s  and are 
now e x t e n s iv e ly  used both f o r  gamma and X-ray spectrom etry where the 
p r in c ip a l  requirement i s  h igh  r e s o lu t io n .  These dev ices  con s is t  o f  a semi­
conductor d iode , g e n e ra l ly  o f  germanium or s i l i c o n .  E lec trom agnet ic  r a d ia t io n  
impinging on the d e te c to r  in t e r a c t s  by the p h o t o e le c t r i c ,  Compton s c a t t e r in g  
or p a i r  p roduction  p rocesses ,  the most probable process depending on the 
in c id en t  photon energy . In  the d ep le ted  reg ion  th is  t r a n s fe r  in  energy 
e x c i t e s  e le c tro n s  to the conduction band le a v in g  'h o le s '  in  the va lence  band.
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When a s trong e l e c t r i c  f i e l d  is  ap p l ied  across the d iode ,  these charge 
c a r r ie r s  are c o l l e c t e d  a t  th e i r  r e s p e c t iv e  e le c t ro d es  g iv in g  r i s e  to an 
output s ig n a l  p ro p o r t ion a l  to the amount o f  energy absorbed. Since there 
is  no e le c t r o n  m u l t ip l ic a t io n ,  as in  an io n is a t io n  chamber, low n o is e ,  
t r a n s is to r is e d  p r e - a m p l i f i e r s , in  in tim ate  con tact w ith  the d iode , are 
requ ired  to produce s ign a ls  s u i ta b le  f o r  fu r th e r  p rocess in g .
The energy requ ired  to generate  an e le c t ro n -h o le  p a ir  i s  on ly  2.9 eV 
in  germanium and so most d e tec to rs  are  maintained a t  l i q u id  n itrogen  
temperature to reduce thermal n o is e ,  thus improving r e s o lu t io n .  Because o f  
i t s  h igher Z number (32 aga in s t  14) germanium based d etec to rs  have been 
developed in  p re fe ren ce  to s i l i c o n  f o r  gamma ray spectrom etry , s ince  the 
p r o b a b i l i t y  o f  a p h o t o e le c t r i c  in t e r a c t io n  is. a ^ Z1* ’ " 5  o f  the absorbing 
m a te r ia l .  Two main types o f  d ev ice  are in  current usage and some o f  th e i r  
p ro p e r t ie s  are ou t l in ed  below :
a) Pure germanium d e tec to rs  -  Ge
These dev ices  make use o f  the i n t r i n s i c  c on d u c t iv i ty  o f  pure germanium 
which is usually in thin, w a fe r  (p lan a r )  form, designed s p e c i f i c a l l y  f o r  use in  
the low gamma and X-ray energy r e g io n .  D e tec tor  e f f i c i e n c y  (§ 3 .3 .1 )  e x h ib i ts  
a maximum a t  about 40-50 lceV which decreases r a p id ly  w ith  in c rea s in g  energy 
g iv in g  a use fu l ope ra t in g  range from ^ 2-400 lceV. The Compton continuum due 
to in te ra c t io n s  from high energy gamma rays i s  kep t to a minimum by the w afer 
geometry. A th in  window o f  b e ry l l iu m  f o i l  i s  g en e ra l ly  p rov id ed  to reduce 
a ttenuat ion  o f  the lowest energy photons.
b) L i th iu m -d r i f t e d  germanium d e te c to rs  -  G e (L i )
Lithium, an e le c t r o n  donor m a te r ia l ,  i s  d r i f t e d  in to  the p -type  
germanium to n e u tra l is e  the e f f e c t s  o f  accep tor  im p u r it ies  and c rea te  an
i n t r in s i c  o r  compensated re g io n ,  which forms the s e n s i t i v e  volume o f  the 
d e te c to r .
In  p lanar form, th is  type o f  d e te c to r  may a lso  be used in  the low 
energy photon reg io n ,  w ith  performance comparable to a pure Ge d e te c to r .
The L i  ions are mobile a t  room temperature and thus, to avo id  damage, the 
c r y s ta l  must be maintained a t  l iq u id  n itro gen  temperature.
The e f f i c i e n t  absorption  o f  h igh  energy y-rays  requ ires  la rg e  volume 
d e te c to rs ,  s ince  the p r o b a b i l i t y  o f  p h o to e le c t r ic  absorption  is  aE“ 3 *5 .
Large volume Ge c ry s ta ls  o f  s u f f i c i e n t l y  h igh  p u r i t y  are d i f f i c u l t  to ob ta in ,  
hence the need f o r  L i  d r i f t i n g .  Such de tec to rs  ( in  which the p - typ e ,  
i n t r in s i c  and n-type  reg ions  are c o a x ia l )  are designed f o r  use w ith  gamma ray
energ ies  above 'v 50 keV, and, although they are more e f f i c i e n t  in  the low
energy r e g io n ,  r e s o lu t io n  is  i n f e r i o r  to th a t o f  a Ge d e tec to r  due to
incom plete charge c o l l e c t i o n  from some photon absorption events in  the la r g e r
vo 1 ume de tec  to r .
S ince semiconductor d e tec to rs  g iv e  output s ign a ls  p rop o r t ion a l  to the 
energy deposited  in  them, pu lse  heighJ: an a lys is  o f  these outputs enables the 
energy spectrum o f  the in c id e n t  p a r t i c l e s  to be e s ta b l ish e d .
1 .5 .2  Spectrometer system
a) R .T . -  th is  un it supplies  the requ ired  v o l t a g e ,  t y p i c a l l y  1-2 IcV, 
and p o l a r i t y  f o r  the d e te c to r .
b) P u lser  (o p t io n a l )  -  in j e c t s  pulses a t  a s e t  frequency in to  the 
p r e a m p l i f i e r  r e s u l t in g  in  a peak in  the y -ra y  spectrum, the area o f  which 
enables c o r r e c t io n  f o r  pu lse  p i le -u p  lo sses  ( c f ,  §6 ,2 ,31 ,
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c) Main a m p l i f i e r  -  perforins fu r th e r  a m p l i f i c a t io n  (o f t e n  x 100) o f  the 
analogue v o l t a g e  pulses output by the p r e a m p l i f i e r . Pulse shaping, 
e s s e n t ia l  f o r  a ch iev in g  b es t  r e s o lu t io n ,  is  c a r r ie d  out a t  th is  s ta g e .
Id e a l l y ,  long shaping time constants ('v 6 - 8  ys) are requ ired  to ensure 
that a l l  the charge l ib e r a t e d  in  the d e te c to r  and c o l l e c t e d  by the 
p re a m p l i f ie r  is  processed . However, th is  represen ts  a ra th er  long  p rocess in g  
time per even t;  in  p r a c t i c e ,  shaping time constants o f  1 - 2  ys are used 
s a c r i f i c i n g  some r e s o lu t io n  f o r  the a b i l i t y  to  handle h igh  count r a t e s .  
P ro v is io n  is  a lso  made f o r  b a s e - l in e  r e s t o r a t io n  when h igh  count ra te s  are 
encountered, s ince  f lu c tu a t io n  o f  the b a s e - l in e  due to  pulses a r r i v in g  in  
c lose  success ion  has a d e le te r io u s  e f f e c t  on r e s o lu t io n .
d) M.C.A. -  when op e ra t in g  in  the pulse h e ig h t  an a lys is  mode, a l l  s ign a ls  
a r r i v in g  a t  the M.C.A. are d i g i t i s e d .  This task is  performed by an 'ana logue- 
t o - d i g i t a l  c o n v e r to r '  (A .D .C . ) ,  the d i g i t i s e d  s ig n a l  b e in g  used to increment 
the contents o f  the appropria te  channel o f  an addressab le  memory. The A.D.C, 
requ ires  an app rec iab le  time to perform  these d u t ie s ,  during which time any 
fu r th e r  pulses a r r i v in g  at the M.C.A. are ign o red .  The dead-^time per even t 
may be expressed by :
x = a + bN + c Cysl CL,18)'
where a = input pu lse  r i s e  time C ' r i s e  time p r o t e c t '  i f  p re s e t )
bN = addressing time f o r  the Nth_ channel
c = time requ ired  to update memory.
)
In  some M .C .A . ’ s , the f i r s t  two channels are ded ica ted  to s to rage  o f  the 
c lock  time and l i v e  time o f  the system, enab ling  c o r re c t io n s  to  be made f o r  
the t o t a l  system dead-time. Since pu lses which a r r iv e  a t  the M.C.A. but are
o u ts id e  the r e g io n  o f  i n t e r e s t  s t i l l  c o n t r ib u t e  to  the  d ea d - t im e , a s in g l e
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channel ana lyser  is  usua lly  in corpora ted  as the f i r s t  s tage b e fo re  the 
A.D.C. so that these pu lses may be d isc r im inated  a g a in s t ,  thus low er in g  the 
dead-time. M .C .A . ’ s designed fo r  use in  con junction  w ith  G e (L i )  d e tec to rs  
requ ire  a t  l e a s t  2000 channels, and p re fe ra b ly  4000, to ob ta in  f u l l  b e n e f i t  
o f  the high re so lu t io n  over a wide range o f  gamma e n e rg ie s .
e ) Output -  apart from v is u a l  d isp lay  in  the form o f  a CRT or TV screen , 
M .C .A . ’ s are p rov ided  w ith  one or more modes o f  data output. This may be 
paper-tape (v e ry  time consuming f o r  reco rd in g  more than a few hundred 
channels) and/or magnetic tape to which la rg e  q u a n t i t ie s  c£ data may be 
ra p id ly  w r i t t e n  and s to red  in  a manner compatible w ith  computer p ro ce ss in g .
1 . 6  Ana lys is  o f  Semiconductor Gamma Ray Spectra
In  the p reced in g  s e c t io n ,  mention was made o f  the three processes by 
which e lec trom agn et ic  r a d ia t io n  in te ra c ts  w ith  m atter, namely the photo­
e l e c t r i c  e f f e c t ,  Coup ton s c a t t e r in g  and p a ir  p roduct ion . Each o f  these 
processes is  resp on s ib le  f o r  producing c e r ta in  c h a ra c t e r is t i c s  o f  the energy 
in t e n s i t y  spectrum obta ined  by a gamma ray spectrom eter . A l l  three processes 
in vo lv e  the tran s fe r  o f  energy from the in c id en t  photon to  e le c tro n s  in  the 
d e te c to r ,  and, i f  these energy changes are unique peaks w i l l  r e s u l t  in  the 
spectrum. Peaks are produced by the p h o to e le c t r i c  e f f e c t ,  in  which in c id e n t  
photons lo se  a l l  th e i r  energy in  a s in g le  in te ra c t io n  ( f u l l  energy peak or  
pho topeak ), and p a ir  p roduction . This process y i e ld s  two peaks from in c id e n t  
monochromatic photons o f  energy g rea te r  than 1.022 MeV, depending on whether 
on ly  one ( s in g le  escape peak) or both (double escape peak) a n n ih i la t io n  quanta 
escape from the d e te c to r .  Energy t ra n s fe r  in  a Compton s c a t t e r in g  even t  is  
v a r ia b le  up to a maximum energy corresponding to a photon s c a t t e r in g  angle 
o f  180°. Hence th is  process con tr ibu tes  to the background continuum under 
the peaks and is  g e n e ra l ly  considered  o f  nuisance value by in t e r f e r i n g  w ith
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I d e n t i f i c a t i o n  o f  iso topes  p resen t in  an i r r a d ia te d  sample is  
th e re fo re  reasonably s t ra ig h t fo rw a rd ,  on ly  requ ir in g  knowledge o f  the 
energ ies  a ssoc ia ted  w ith  peaks in  the spectrum. However, q u a n t i t a t iv e  
determ inations in v o lv e  the es t im a t ion  o f  peak areas (u su a l ly  the photo­
peak) above the background continuum. The computation technique employed 
f o r  peak area determ inations i s  one o f  the most important fa c e ts  o f  gamma 
spectrom etry upon which depends the u lt im ate  p re c is io n  o f  the a n a ly s is .
When on ly  a few peak areas are requ ired  some simple hand c a lc u la t io n  
may be s u f f i c i e n t  but i t  r a p id ly  becomes e v id en t  tha t m u lt ie lem en ta l 
ana lys is  o f  la rg e  numbers o f  complex spectra  t y p i c a l l y  obtained by high 
r e s o lu t io n  d e tec to rs  demands some k ind o f  computer based technique, 
e s p e c ia l l y  i f  peaks o f  in t e r e s t  cannot be f u l l y  r e so lv ed .
These techniques may be d iv id ed  in to  two c la sses ,  the. f i r s t  o f  which 
is  the d i g i t a l  c a lc u la t io n  method which in vo lv es  adding toge ther  the raw 
data contained in  the photopeak and su b tra c t in g  the under ly ing  background 
continuum; no assumption i s  made about the shape o f  the peak or the 
continuum on e i t h e r  s id e ,  on ly  the p o s i t io n  o f  the (u su a l ly  l in e a r )  b a s e l in e .  
A number o f  methods have been proposed to implement th is  c a lc u la t io n  each 
d e f in in g  a somewhat d i f f e r e n t  photopeak a rea . Among the most popular are 
the C o v e l l  method (Cov e i l , 1959; Heydorn and Lada, 1972) and the T o ta l  Peak 
Area (TPA) method (Y u le ,  1968), both o f  which are s imple enough fo r  hand 
c a lc u la t io n  and id e a l  f o r  implementation on a mini-com puter. The former 
method de f in es  a c a l ib ra t e d  f r a c t io n  o f  the peak which is  assumed to bear 
a constant r e la t io n s h ip  to the t o t a l  area contained in  the peak. The TPA 
method, as i t s  name im p l ie s ,  r e l i e s  on l in e a r l y  e x t ra p o la t in g  the continuum 
under the peak, thus d e f in in g  the in te g ra ted  reg ion  to be enclosed  w ith in  
the l im i t s  o f  v  FWTM (correspond ing  to ^ 97% o f  a Gaussian peak a r e a ) . The
d e t e c t i o n  o f  l o w - in t e n s i t y  p eak s .
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p re c is io n  a t ta in a b le  w ith  these and o ther  d i g i t a l  in te g ra t io n  methods 
has been stud ied  by Baedecker (1971 ),  who found that truncation  o f  the 
peak boundaries in  combination w ith  a b a s e - l in e  approximation s im i la r  
to that used by the TPA method, lead  to improved p re c is io n  in  peak area 
determ ination  over both the TPA and C o v e l l ' s  methods. A s im ila r  r e s u l t  
was obta ined  by Robertson e t  a l .  (1975) in  a comparison o f  N a l (T l )  and 
G e (L i)  d e tec to rs  f o r  low l e v e l  y -ra y  spectrom etry .
The second genera l c lass  o f  n e t  peak area computation is  the f i t t i n g  
method in  which an a n a ly t ic  fu n c t ion , usua lly  o f  Gaussian form r e f l e c t i n g  
the s t a t i s t i c a l  nature o f  system no ise  and o f  the charge c o l l e c t i o n  
p rocess ,  is  f i t t e d  to the observed da ta .  F i t t i n g ,  by i t e r a t i v e  m in im isation  
o f  the squared-res idua ls  between data and fu n ct ion ,  requ ires  the power o f  a 
computer in  a l l  but the most t r i v i a l  c o n tex t .  S evera l authors have reviewed 
the choice o f  a n a ly t ic  funct ion  (Me N e l l e s  and Campbell, 1975; Takeda e t  a l . ,  
1976) and a lso  the r e l a t i v e  m erits  o f  d i g i t a l  and f i t t i n g  methods (Kokta, 
1973; Baedecker, 1976; Yule and Rook, 1976). Most are agreed that b e t t e r  
p r e c is io n  is  obtained w ith  the f i t t i n g  method a t  the expense o f  longer  
computing times and tha t the most s im ple , and y e t  e f f e c t i v e ,  a n a ly t ic  
funct ion  cons is ts  o f  a Gaussian d is t o r t e d  by the add it ion  o f  exponen tia l 
t a i l s .  T a i l in g  is  p a r t i c u la r l y  s evere  on the low energy s ide  o f  a peak, 
a t t r ib u ta b le  to incomplete charge c o l l e c t i o n  in  the d e t e c to r ,  w h i l s t  h igh 
energy t a i l i n g  due to pu lse p i le -u p  may become apprec iab le  a t  h igh  count 
r a t e s . This funct ion  forms the b as is  o f  the SAMPO gamma ray spectrum 
an a lys is  code w r i t t e n  by R ou tt i  and Prussin  (1969) which i s  now one o f  the 
most w id e ly  used programs o f  i t s  k ind  and the one used throughout the work 
reported  here . SAMPO is  a v a i la b le  as a ULRC l ib r a r y  package on the CDC 6600 
machine a t  the U n iv e r s ity  o f  London Computing Centre (ULCC). The d e ta i le d
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p r in c ip le s  o f  opera t ion  o f  th is  program are described  f u l l y  e lsewhere 
(R o u t t i ,  1969; Carder, 1977) and on ly a b r i e f  o u t l in e  o f  the more 
r e le v a n t  fea tu res  w i l l  be attempted h e re .
In  the Gaussian plus expon en tia l re p re s en ta t io n ,  the shape o f  a 
peak is  d e f in ed  by three parameters: the w idth o f  the Gaussian and the 
d istances  from the cen tro id  to the ju n c t ion  po in ts  w ith  the exponen tia l 
t a i l s .  These parameters vary smoothly w ith  energy and th e re fo re  th e i r  va lues  
f o r  any peak in  a spectrum may be found by in t e r p o la t io n  between parameters 
o f  ne ighbouring peaks. The f i r s t  s tep  in  an a lys is  o f  a spectrum i s  to use a 
s e t  o f  in tense  and w e l l - i s o l a t e d  peaks as in te rn a l  c a l ib ra t io n s  and obta in  a 
corresponding s e t  o f  shape param eters . This task is  performed by the rou t ine  
SHAPEDO in  which the peak fu n ct ion  and a quadra t ic  background continuum are 
f i t t e d  to the data by a x 2  m in im isation  procedure. E igh t  parameters are 
in vo lv ed  in  the f i t t i n g ,  the three descr ibed  above, two f o r  the h e ig h t  and 
c en tro id  o f  the Gaussian and a fu r th e r  thxee f o r  the background continuum. 
Once the s h a p e -ca l ib ra t ion  f i t  has been performed, the b es t  values o f  the 
shape parameters from each peak are s to red  f o r  fu tu re  r e c a l l .  They need 
only be ca lcu la ted  once f o r  each experim enta l se t-up , although caution  must 
be e x e rc is ed  when ana lys ing  spectra  obta ined  a t  d i f f e r e n t  count r a t e s ,  s ince  
peak shape is  count ra te  dependent.
The an a lys is  o f  peaks on a rou t in e  bas is  is  then performed by f i t t i n g ,  
again  in  the l e a s t  squares sense, the o r i g in a l  data po in ts  w ith  the peak 
shapes obta ined  by l in e a r  e x t r a p o la t io n  from the c a l ib r a t io n  data . This - 
technique has two p r in c ip a l  advantages: f i r s t l y  the computing time requ ired  
to f i t  each in d iv id u a l  peak is  reduced s in ce  m in im isation  in vo lv e s  f i v e  
ra th e r .th a n  eight: parameters, and secondly the ana lys is  procedure is  
s t a b i l i s e d  by use o f  the c o r r e c t  shapes f o r  small and over lapp ing  peaks
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from which accurate  shape parameters could never be ob ta in ed . The 
rou t ine  FITDO is  g e n e ra l ly  used f o r  th is  purpose; F i g .  (1 .5 )  shows an 
example o f  the p r in t -o u t  obta ined  f o r  a p a r t i c u la r  peak.
Automatic peak search is  performed by PEAKFIND. The raw data is  
f i r s t  smoothed, the s t a t i s t i c a l  s ig n i f i c a n c e  o f  each channel i s  then 
ca lcu la ted  and th is  va lue  i s  compared w ith  a threshold  va lue  (s ee  §1.7 ) 
to  determine i f  a peak is  p resen t .  Peaks so d e tec ted  must fu r th e r  pass 
a shape t e s t  b e fo r e  acceptance, although a l l  d e tec ted  peaks are l i s t e d  
in  the p r in tou t  p e rm it t in g  s c ru t in y  by eye .
Many o ther combinations o f  opt ions  are a v a i la b le  in  the SAMPO program 
designed to cope w ith  s p e c i f i c  problems, among the most u se fu l be ing  energy 
and e f f i c i e n c y  c a l ib r a t io n  o f  the s p e c tra ,  automatic s e le c t io n  o f  peak 
f i t t i n g  in t e r v a ls  and separa t ion  o f  m u lt ip le  or o ve r lapp in g  peaks.
S eve ra l  m o d if ic a t ion s  have been made to the lo c a l  v e rs ion  o f  SAMPO, 
as a r e s u l t  o f  exper ience  gained through fou r years ' op e ra t ion .  The most 
important developments concern the p res en ta t ion  o f  r e s u l t s . A new subroutine 
IDENT, has been implemented (Carder e t  a l . ,  1978) which c a r r ie s  out r a d io ­
is o top e  i d e n t i f i c a t i o n s  and e lem enta l mass determ inations a f t e r  's im p le 1 or 
' c y c l i c 1 thermal NAA. A nuc lea r  data l i b r a r y  (Mac Mahon, 1976) which forms 
p a r t  o f  the subroutine, contains r e le v a n t  p h y s ica l  and nuclear data f o r  each, 
o f  about 750 gamma rays and th e i r  e m it t in g  iso topes  that are l i k e l y  to  be 
encountered. The l ib r a r y  contains s u f f i c i e n t  in fo rm ation  which, when 
combined w ith  the s p e c i f i c  experim enta l con d it ion s ,  leads to absolu te  
c a lc u la t io n  o f  the masses o f  elements p resen t in  a sample, through E q . (1 .17 )
Absolute a c t i v a t io n  an a ly s is  o r  a hybrid  ve rs ion  known as the ’ s in g le  
comparator method’ (G ira rd i  e t  a l . ,  1965) has u n t i l  r e c e n t ly  been l i t t l e
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279. 280.
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SYMBOLS I -  CONTINUE . • DATA t -  FIT 
SUMDATA- . 55585Et01 SUHCALC- .51829E+01
. ANDt ( I AND* ) I AND f  • IAMD♦ AND.
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REJECT IF CHI SQUARE -  .7562£t02 OR SIGW • 1.282 IS UNACCEPTABLE. CHECK PLOT FOR MISSING PEAKS
CHAftlEL FIT-ERR-CH ENERGY-KEV C«_-ERR-KEV EN-ERR-KEV AREA-COUNTS FIT-ERR-PC INTENS-COUNT CAL-ERR-PC INT-ERR-PC
1131.6110 .0001 1133.8122 1.5000 1.5000 .5189E+01 1.3933 .5189E+01 0.0000 1.3933
TIMES IN SECONDS- .019 .130 .500 28.739 DATE- 07/02/78
RUN tfJMBER AND INDICATIVE DATA
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F ig .  (1 . 5 )  : Example o f  SAMPO peak f i t t i n g ,  as per form ed  by FITDO r o u t in e .
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favoured because o f  the s t r i c t  c a l ib r a t io n  and con tro l  n ecessa ry .to  
avoid  system atic  e r r o r s ,  and because o f  lack  o f  accurate data on cross 
sec t ions  and decay schemes (R i c c i ,  1975). However, by accurate r e a c to r  
f lu x  mapping and d e te c to r  e f f i c i e n c y  c a l ib r a t io n  ( 3 .3 .1 )  R ic c i  est im ates  
that accuracies  o f  10-15% can be achieved in  the determ ination  o f  irost 
e lem ents, making th is  technique com pe t it ive  w ith  most multicomparator 
techn iqu es .
The multicomparator method in vo lv e s  i r r a d ia t in g  standards con ta in in g  
known q u a n t i t ie s  o f  the elements o f  in t e r e s t  to g e th e r  w ith  samples to be 
analysed under id e n t i c a l  cond it ions  and ob ta in in g  e lem enta l mass va lues by a 
simple r a t i o  comparison o f  the peak areas ob ta ined . For th is  purpose the 
rou t in e  ANALYSIS, a much s im p l i f i e d  and le s s  time consuming v e r s io n  o f  
IDENT, has been inc luded  in  the SAMPO code. ANALYSIS performs peak 
i d e n t i f i c a t i o n  by r e fe ren ce  to a l i b r a r y  o f  up to 1 0 0  gamma energ ies  supplied  
by the user. C orrec t ions  f o r  d ead-t im e , sample mass and d i f f e r e n t  w a it in g  
times between i r r a d ia t i o n  and counting are a l l  accommodated as are c a l ib r a t io n  
va lues f o r  energy and m u lt ie lem en ta l standards, thus enab lin g  c a lc u la t io n ,  
i f  r equ ired ,  o f  e lem enta l concentrat ions  in  pg/g in  an unknown sample. A 
more comprehensive d e s c r ip t io n  o f  th is  rou t ine  i s  g iven  by Tout CL977) and 
F ig .  (1 .6 )  shows a t y p ic a l  r e s u lts  tab le  obtained from ANALYSIS.
SAMPO, l i k e  a l l  la r g e  programs which, attempt to be comprehensive;, i s  
open to c e r t a in  c r i t i c i s m s ,  two o f  which are worth n o t in g  h e re .  The f i r s t  i s  
i t s  i n a b i l i t y  to s a t i s f a c t o r i l y  f i t  s trong  i s o la te d  photopeaks such, as those 
obtained by counting s in g le  ra d io is o to p e  sources. This i s  due to the 
inadequacy o f  the quadratic  background to d escr ibe  the s t e p - l i k e  BeTiaviour o f  
the continuum under the peak, and may p o s s ib ly  be improved by the use o f  a 
h igher o rder  polynomial fu n c t ion .  Other authors have encountered s im i la r
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F ig .  ( 1 . 6 ) T y p ic a l  r e s u l t s  t a b le  p ro v id e d  by ANALYSIS r o u t in e .
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problems and have proposed a n a ly t i c  shape functions which include an e r r o r  
funct ion  (D o jo , 1974) or a su b s id ia ry  Gaussian plus e r r o r  funct ion  r id in g  
on a l in e a r  background (Jorch and Campbell, 1977) but la r g e  numbers o f  
parameters are necessary to d escr ibe  these functions making t b e i r  use 
expensive on computer tim e. Secondly, IDENT has no p ro v is io n  to compensate 
fo r  epithermal con tr ibu tions  to the a c t i v i t y  o f  a sample, such as those 
encountered in  i r r a d ia t io n s  in  a mixed re a c to r  neutron f lu x .  However, i t  
i s  intended to update the nuclear l i b r a r y  to include resonance in te g r a ls  
thereby removing the r e s t r i c t i o n  to  thermal NAA.
Data may be supplied  to  SAMPO e i t h e r  by paper tape, magnetic tape o r  
punched card inpu t. The program requ ires  approxim ately I s .  c en tra l  
p rocessor (CP) time on the CDC6600 to f i t  one peak; so that an a lys is  o f  a 
ty p ic a l  spectrum w ith  approxim ately 30 peaks, in c lu d in g  peak search and 
re s u lts  tab les  uses v  50-60s CP tim e. T yp ica l  job  turnaround times are 
Gj 1 hour, but i f  IDENT is  included in  the a n a ly s is ,  e x tra  core a l l o c a t io n  is  
necessary to handle the la rg e  is o top e  l ib r a r y  r e s u l t in g  in  the job  running 
in  a lower p r i o r i t y  stream w ith  much s lower turnaround.
Extens ive  paper p r in to u t  from the program is  e l im in a ted  by d iv e r t in g  
a l l  excep t the peak search and r e s u lts  tab les  onto m ic ro f ic h e .  In  th is  way 
the q u a l i t y  o f  each peak f i t  may be examined (u su a lly  a once on ly  task) 
w h i ls t  paper p r in to u t  o f  the r e s u l ts  is  s t i l l  ach ieved .
The computer an a lys is  o f  gamma spectra  I s  now an e s ta b l ish ed  fea tu re  
o f  most centres  in vo lv ed  in  NAA. Consequently a wide v a r i e t y  o f  data 
redu ct ion  programs have been w r i t t e n  s ty le d  to  the needs o f  in d iv id u a l  
la b o ra to r ie s  and the computing f a c i l i t i e s  to which they baye access. These 
programs range from the very  elementary ( y e t  e f f e c t i v e )  d i g i t a l  methods
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in corpora ted  in  mini-computer based MCA's to  the h ig h ly  s op h is t ica ted  
programs, such as SAMPO, r e q u ir in g  cons iderab le  (some might argue,
Herculean) computing power. Since the u lt im ate  p re c is io n  depends to a 
la rg e  e x ten t  on the s p e c t ra l  an a lys is  technique employed the IAEA (1976) 
in i t i a t e d  an intercom parison o f  methods o f  p rocess in g  G e (L i )  gamma ray 
sp ec tra ,  the purposes o f  which were two f o l d :
1 ) to perm it each p a r t i c ip a n t  to t e s t  the v a l i d i t y  o f  b is  o r  her own 
eva lu a t io n  method,
2 ) to perm it a comparison o f  d i f f e r e n t  e va lu a t io n  methods w ith  a view  
to h e lp in g  any worker in  the f i e l d  to s e l e c t  the a lg o r ith m  most 
appropr ia te  to h is  o r  her own needs and p o s s i b i l i t i e s .
A d e s c r ip t io n  o f  the r e su lts  o f  the in tercom parison  are included  in  Appendix I ,  
to ge th e r  w ith  a d iscuss ion  o f  c e r ta in  l im i ta t io n s  o f  SAMPO brought to l i g h t  
by th is  study. A t the time o f  w r i t in g ,  p re l im in a ry  unpublished r e su lts  o f  
the in t e r - la b o r a t o r y  assessment have been made a v a i la b le  by Dr, R.M. P a rr  
(IAEA) and a summary o f  these is  a ls o  included in  Appendix 1.
1.7 The Concept o f  D e tec t ion  L im its
Whenever new techniques are developed , o r  e x i s t in g  ones m o d if ied ,  f o r  
the measurement o f  elements occu rr in g  a t  trace  l e v e l s ,  the concept o f  a 
'd e t e c t io n  l i m i t '  i s  extrem ely  important from the p o in t  o f  e va lu a t ion  and 
comparison w ith  a l t e r n a t i v e  methods. The d e te c t io n  l im i t  o r  'minimum 
d e te c ta b le  q u an t ity '  o f  an element i s  d e f in ed  in  the a n a ly t ic a l  and ra d io ­
chemical l i t e r a t u r e  by a "p le th o ra  o f  mathematic express ions and w id e ly -  
rang ing te rm ino logy" which when c l o s e l y  examined CCurrie ,1968) span n ea r ly  
three orders o f  magnitude! However, d esp ite  the vaga r ie s  o f  th is  term, i t  
i s  g e n e ra l ly  agreed that the fundamental l i m i t  on the d e te c t io n  o f  a peak 
is  due to the s t a t i s t i c a l  f lu c tu a t io n s  in  the background continuum. I f  i t  is
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assumed tha t counts in  the background (B) under ly ing a peak are Poisson  
d is t r ib u te d ,  as i s  g e n e ra l ly  the case, the standard d e v ia t io n  is  ± Vfe.
Thus the sm a lle s t  s ig n a l ,  L, d e te c ta b le  above that background may be 
exposed as some m u lt ip le  o f  the standard d e v ia t io n :
L -  f  /& (1 .19 )
The background is  d e f in ed  here as the continuum counts under ly ing 
the peak ' f u l l  w idth a t  tenth maximum' (FWTM), these l im i t s  en c lo s in g  
v  97% o f  a Gaussian t o t a l  peak a rea .
I t  i s  the case in  INAA that the l im i t in g  fa c to r  in  a c t i v i t y  measurements 
is  the count ra te  due to  n a tu ra l ly  o ccu rr in g  rad ion u c lides  and cosmic ray 
even ts , and o ft en  the blank sample a c t i v i t y  a ls o ,  i f  th is  cannot be avo ided .
In  which case, f o r  the purpose o f  th is  work, the s e n s i t i v i t y  o f  a technique 
fo r  a p a r t i c u la r  element i s  de f ined  as the va lue o f  L ,  obta ined  from the natura l 
plus blank background, converted to yg, usua lly  by comparison w ith  a standard. 
C le a r ly ,  the d e te c t io n  l i m i t  o f  a p a r t i c u la r  element i s  a lso  dependent upon 
the sample matrix  in  which i t  occurs and upon any in t e r f e r i n g  reac t ion s  
in vo lv ed ,  and is  d e f in ed  as the corresponding va lue o f  L converted  to yg/g o f  
sample. Consequently i t  i s  e s s e n t ia l  to s ta te  not on ly  the type o f  m atrix  
but a ls o  the sample mass when quoting  a d e tec t io n  l im i t  (Spyrou e t  a l . ,  1973).
Such con troversy  that e x is t s  centres  around the cho ice  o f  the va lue o f  
f  which determines the d e te c t io n  l im i t .  Severa l papers have appeared in  the 
l i t e r a t u r e  (S t e r l in s k i ,  1966; C u rr ie ,  1968; Donn and W olke, 1977) which 
discuss a t length  the r e le v a n t  c r i t e r i a .  Two kinds o f  e r r o r  may occur in  
d ec id in g  whether or not a peak has been d e tec ted ,  and the assoc ia ted  r isks  
are q u a n t i f ie d  by:
a -  the des ired  maximum p r o b a b i l i t y  o f  f a l s e l y  conclud ing that a 
a peak is  p resen t when i t  a c tu a l ly  i s  no t (Type I  e r r o r )
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peak (Type I I  e r r o r )
Based on these two c on s id e ra t io n s ,  Curr ie  d e f in es  an 'a  p r i o r i  d e te c t io n  
l i m i t ’ , f e ,  as the minimum true s ig n a l  l e v e l  which may be expected  to lead 
to d e te c t io n :
f e  = 2 ka ( 1 . 2 0 )
where the r is k s  o f  making both kinds o f  mistake are s e t  equal (a  = g) and k 
is  the absc issa  o f  the standard ised  normal d is t r ib u t io n  corresponding to the 
p r o b a b i l i t y  l e v e l  (1 -  a) . The assumption is  a lso  made tha t a ,  the standard 
d ev ia t io n  o f  the net s ig n a l  i s  approxim ately constant. When ap p l ied  to  
ra d ia t io n  measurement, a = i f  the net s ig n a l  L < f e  and B >> 0. B must be 
'w e l l  known' through d u p lica te  measurements, as is  usua lly  the case .  Thus 
th is  d e f in i t i o n  o f  a d e te c t io n  l im i t  is  i d e n t i c a l  to E q . C l *1?) and has a 
' b u i l t - i n '  p r o t e c t io n  l e v e l  a ga in s t  both types o f  r i s k  which may be q u a n t i f i e d .
I t  can be shown that i f  the c r i t e r i o n  f o r  d e t e c t a b i l i t y  i s  /  /B, the 
s t a t i s t i c a l  p r e c is io n  o f  the net s ign a l  counts i s  -  ( IPfi/?.)%. Table (1 .3 )  
shows a s e l e c t io n  o f  t y p i c a l l y  encountered va lues o f  f ,  to ge th e r  w ith  the 
corresponding r is k  o f  a Type I  o r  I I  e r r o r  and the s t a t i s t i c a l  p r e c is io n  o f  
the net s ig n a l .
I t  i s  customary in  the M.E.P. group a t the U n iv e r s i ty  o f  Surrey to  
express d e te c t io n  l im i t s  w ith  f  = 2. This va lue  corresponds to what must be 
considered  the h igh es t  acceptab le  r i s k  o f  making a Type I  or I I  e r r o r  ( v  16%) 
but peak area determ ination  a t  th is  l e v e l  i s  on ly  p o s s ib le  w ith  an assoc ia ted  
e r ro r  o f  ± 71% -  c e r t a in ly  not a ccep tab le .  For th is  reason a 'q u a n t i t a t i v e  
determ ination  l i m i t '  i s  o f t e n  s e t  w ith  f  ~ 7 reducing the s t a t i s t i c a l  e r r o r  
to ± 2 0 %.
3 -  the maximum a c c e p ta b le  r i s k  o f  n o n -d e t e c t io n  o f  a true
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T a b le  (1 . 3 )  : S t a t i s t i c a l  e r r o r s  a s s o c ia t e d  w ith  the l i m i t  o f  d e t e c t i o n
a = 3 (%) 0 . 0 2 1 . 0 3.6 5.0 1 0 16 2 0
f 7.0 4.6 3.6 3.3 2 . 6 2 . 0 1.7
± 10° /2 (%) 2 0 30 39 43 55 71 84
F in a l l y ,  i t  i s  in t e r e s t in g  to compare the above va lues w ith  the 
minimum d e te c ta b le  am plitude, ara£n , used by the peak search ro u t in e ,  
PEAKFIND, i s  the SAMPO program:
a . a 1.33 t ( -  ) 1 
min o
(1.21)
where t  = threshold  s ig n i f i c a n c e  f o r  peak f i t t i n g  
a = average Gaussian peak w idth parameter
Commonly t  = 3.0 is  used and, w ith  a fl 1 .2 f o r  a t y p ic a l  G e (L i )  d e te c to r ,  
g ives  am£n -  3 .6/  B. This suggests that the confidence l im i t  in vo lv ed  in  
using the SAMPO parameters is  h igh er  than tha t based on the 2vfe c r i t e r i o n
i . e .  > 96.4% by in sp ec t ion  o f  Table ( 1 . 3 ) .
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CHAPTER 2
CYCLIC ACTIVATION ANALYSIS
2.1 In trod u c t ion
The employment o f  s h o r t - l i v e d  iso topes  f o r  NAA has s e v e ra l  advantages, 
some o f  which were b r i e f l y  mentioned in  Chapter 1; s p e c i f i c a l l y  that such 
techniques are ra p id ,  and, as a consequence economical both on equipment 
( in c lu d in g  the r e a c to r )  and personnel t im e. The somewhat chequered career  
o f  s h o r t - l i v e d  iso topes  in  NAA and the apparent re lu c tance  o f  ana lysts  to 
employ them stems from the inheren t te ch n ica l  d i f f i c u l t i e s  in  th e i r  
measurement. N eve r th e le ss ,  s h o r t - l i v e d  iso topes  p rov id e  the p o s s i b i l i t y  
f o r  s e n s i t i v e  analyses o f  c e r ta in  elements o therw ise  measurable on ly  through
a l o n g - l i v e d  a c t iv a t io n  product ( e . g .  7 7 Sem, x, ** 17 .5s , as an a l t e r n a t iv e
2
to 7 5 Se, x, = 120d) o r ,  in  some cases ,  enable an a lys is  as the only p o s s ib le  
2
(n ,y )  r e a c t io n  product ( e . g .  2 0 F, *= 1 1s ) .  Techniques employing such
2
ve ry  s h o r t - l i v e d  iso topes  must be instrum enta l s imply because tim ing con s tra in ts  
prec lude the op t ion  o f  a l l  but the roost simple rad iochem ica l s epara t ion s .
This l im i t a t i o n  (o r  advantage, some might argue) e l im in a tes  the use o f  
iso topes  which are pure 3 -e m it te rs  and r e l ia n c e  i s  th e r e fo r e  p laced  on gamma 
spectrom etry . I t  i s  the in te n t io n  o f  th is  chapter to  o u t l in e  not on ly  the 
iso topes  s u ita b le  f o r  a n a ly s is ,  but more e s p e c ia l l y  the approach adopted f o r  
th e i r  optimum d e te c t io n  and measurement , based p r in c ip a l l y  on C y c l ic  Neutron 
A c t i v a t io n  An a lys is  CCNAA). This technique is  capab le, as a lready  s ta ted ,  
o f  p ro v id in g  extrem ely  ra p id ,  s e n s i t i v e  analyses o f  p a r t i c u la r  elements f o r  
use on a rou t ine  b a s is .  L a te r  chapters w i l l  d escr ibe  a p p l ica t io n s  to  
s p e c i f i c  a n a ly t i c a l  requ irem ents.
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A com pila tion  o f  neutron induced reac t ion s  y i e ld in g  s h o r t - l i v e d  
iso topes  has been w r i t t e n  (Spyrou and K err ,  1976). I t  
summarises, as fa r  as p o s s ib le ,  a l l  iso topes  w ith  h a l f - l i v e s  in  the
range 300 ms < t a < 600s which may be produced through ( n , y ) ,  (n ,p )
2
( n , a ) ,  ( n , 2 n) or ( n ,n f ) r ea c t io n s  toge th er  w ith  the r e le v a n t  nuclear data 
necessary to estim ate  neutron a c t i v a t i o n  y i e ld s .  Even a b r i e f  glance a t  th is  
ta bu la t ion  is  s u f f i c i e n t  to r e a l i s e  that nuclear data f o r  many o f  these 
reac t ion s  are sparse, and i t  was f o r  th is  reason that one fu r th e r  e s s e n t ia l  
parameter, namely the resonance in t e g r a l ,  was om itted .
I t  is  perhaps in t e r e s t in g  to e x t r a c t  some s t a t i s t i c s  from th is  
com pila tion , b ea r in g  in  mind . i t s  r e s t r i c t i o n s  as ou t l in ed  above. Simply 
con s ide r in g  (n ,y )  reac t ion s  a lon e ,  there  are 59 iso topes  ( o f  which. 35 are 
nuclear isomers) corresponding to some 41 d i f f e r e n t  e lem ents, capable o f  
b e in g  produced by neutron i r r a d ia t i o n .  In  c e r t a in  cases , though., the i s o ­
topes may be p u re 3  - e m it te rs  o r  t h e i r  production  c r o s s -s e c t io n  may be v e ry  
sm all,  and thus they are o f  l i t t l e  a n a ly t i c a l  use. S im i la r ly ,  an a lys is  using 
pure 3 - e m it t e r s ,  although d e tec ta b le  by y - ra y  spectrom etry through th e ir  
a n n ih i la t io n  quanta, requ ires  s p e c ia l  procedures (chem ical sep a ra t ion ,  h a l f -  
l i f e  a n a ly s is )  to avo id  the p o s s i b i l i t y  o f  in te r fe r e n ce s  in  a m u ltie lem enta l 
sample. N eve r th e less ,  by ju d ic iou s  in sp ec t ion  o f  the tabu lated  data, i t  is  
found that neutron capture reac t ion s  may produce iso topes  f o r  the p o te n t ia l  
an a lys is  o f  approximately 28 d i f f e r e n t  e lements. I f  th is  number i s  viewed 
in  r e la t i o n  to a t o t a l  o f  ^ 70 elements measurable by NAA> then in  p e r s p e c t iv e ,  
and depending on the a n a ly t i c a l  s e n s i t i v i t y  requ ired ,  these iso topes  may 
rep resen t as much as 40% o f  tha t t o t a l .  The in c lu s ion  o f  those iso topes  
produced on ly  by f a s t  neutrons w i l l  fu r th e r  expand the ca ta logue  o f
2•  ^ S h o r t - l i v e d  Is o to p e s
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measurable e lements. Having e s ta b l ish ed  the importance o f  th is  ( r e l a t i v e l y )  
small group o f  is o to p e s ,  i t  should be emphasised that th e i r  ’ r o l e ’ in  INAA 
is  o c c a s io n a l ly  c om p e t i t iv e ,  but g e n e ra l ly  complementary, to th e ir  lo n g e r -  
l i v e d  cou n te rpa rts .
There are 2 d i s t in c t  techniques f o r  the measurement o f  s h o r t - l i v e d  
a c t i v i t i e s  employed in  INAA.
i )  The ’ c on ven t ion a l ’ one-shot experiment c o n s is t in g  o f  a s in g le  
i r r a d ia t e - t r a n s fe r - c o u n t  sequence, which when performed a t a 
re a c to r  f a c i l i t y  u sua lly  requ ires  a f a s t  sample t r a n s fe r  system 
as the w a i t in g  time a f t e r  i r r a d ia t i o n  must be short compared to 
the h a l f - l i f e  o f  the is o top e  o f  i n t e r e s t ,  in  order to ob ta in  good 
s t a t i s t i c s  in  the short  counting time a v a i la b le .  A p r e f e r e n t ia l  
improvement in  s e n s i t i v i t y  i s  obtained f o r  s h o r t - l i v e d  is o topes  i f  
the sample is  i r r a d ia t e d  in  a pulsed r e a c to r ,  such as the TRIGA 
type .  M i l l e r  (1976) repo r ts  th a t ,  f o r  a 1000 MW ‘ pu lse  o f  FWHM 
\2 ms as compared to a steady s ta te  sa tu ra t ion  i r r a d ia t i o n  a t  250 kW,
an enhancement fa c to r  o f  fa 35/rt is  ob ta ined , where ti i s  the h a l f -
2 2
l i f e  ( i n  s) o f  the induced ra d io n u c l id e .  This represen ts  a 
cons iderab le  improvement s ince  the peak f lu xes  a t ta in a b le  are 
^ 1 0  -  1 0 1 7  n c m “ 2 s “ -F .
i i )  C y c l ic  a c t i v a t io n  a n a ly s is ,  as discussed in  the fo l lo w in g  s e c t io n s .
2.3 C yc l ic  A c t iv a t io n  Ana lys is
The CNAA technique in vo lv e s  the repeated  c y c l in g  o f  a sample between 
the i r r a d ia t in g  source and the r a d ia t io n  d e te c to r  in  o rder to  enhance the 
signal-to-baclcground r a t i o  f o r  the is o to p e  o f  i n t e r e s t .  One o f  the f i r s t  
experiments o f  th is  k ind ap p l ied  to  a c t i v a t io n  an a lys is  was reported  in  the
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l i t e r a t u r e  by Anders (1960 and 1961). Although not termed ' c y c l i c '  
samples were repea ted ly  i r r a d ia t e d  by neutrons from the Be ta rg e t  o f  
a 2 MeV Van der G raa ff  a c c e le ra to r  and counted on a N a l (T l )  d e te c to r  
using a s h u t t le - r a b b i t  system. F o l low in g  each i r r a d ia t i o n ,  samples were 
counted f o r  two consecutive  periods o f  equal len g th ,  the spectra  obta ined  
be ing  subtracted from each o ther such tha t the r e s u l t in g  'd i f f e r e n c e ' 
spectra  represented  on ly  the con tr ibu t ion s  from the v e ry  s h o r t - l i v e d  i s o ­
topes . P re l im inary  experimental in v e s t ig a t io n s  in d ic a ted  the usefu lness 
o f  th is  technique f o r  the determ ination  o f  18 e lem ents .
The ' c y c l i c '  e p i th e t  was f i r s t  coined by Ca ldwell e t  a l . (1966) 
w h i ls t  d escr ib in g  a combination neutron experiment f o r  the remote ana lys is  
o f  lunar and p lanetary  s u r fa c e s . This experiment employed a neutron source 
which could be pulsed in  a manner producing short  bursts o f  f a s t  neutrons 
and a d e tec to r  system gated to  count the a c t iv a t io n  products between each ✓ 
burs t,  as one o f  th ree  complementary an a lys is  modes. A more comprehensive 
mathematical treatment was prov ided  by Givens e t  a l . (1969) and 0-970) who 
defined  3 main d i f fe r en c es  between th is  form o f  c y c l i c  a c t i v a t io n ,  and the 
technique o f  mechanical sample t r a n s fe r  as descr ibed  above, namely:
a) the sample in  most a p p l ica t io n s  o f  the method is  f i x e d  w ith  resp ec t  to 
both the i r r a d ia t in g  source and the d e te c to r ,
b) ' c y c l in g '  i s  e l e c t r o n ic  ra th er  than mechanical and hence very  e f f i c i e n t ,  
and,
c) a c t i v i t i e s  with. H a l f - l i v e s  down to  a few m i l l is e c o n d s  may ba u t i l i s e d  
f o r  a n a ly t ic a l  purposes .
Givens e t  a l . were ab le  to s a t i s f a c t o r i l y  measure such, iso topes  as
1 6 N( xi = 7.14s) and ^ N a ^ C li  = 20 ms) w h i l s t  Tani e t  a l . C1969) who employed 
2 2
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a s im i la r  experim ental arrangement, were a ls o  ab le  to observe y -ray
spectra  from 2 0 5 Pbm( x 1 = 4 ms) and 2 0 7 Pbm(xj: = 800 ms).
2 2
More recen t ap p l ica t io n s  o f  c y c l i c  a c t i v a t io n  have been demonstrated 
by Gage e t  a l . (1973) who descr ibed  a system con s is t in g  o f  a 252Cf neutron 
source, a gamma spectrom eter and a pneumatic t r a n s fe r  f a c i l i t y  f o r  the assay 
o f  enr iched  uranium by counting the delayed y -rays  from the s h o r t - l i v e d  
f i s s i o n  products . Mac Murdo and Bowman C1977) m od ified  a s im i la r  system 
by s u b s t i tu t in g  a r in g  o f  1 2  BF3 counters f o r  the gamma spectrom eter, 
enab ling  them to count the delayed neutrons a f t e r  f i s s i o n ,  w ith  the same 
u lt im ate  o b j e c t i v e .
However, in  o rder to  ach ieve  the necessary  s e n s i t i v i t y  f o r  CNAA to  
be a worthwhile  trace  element an a lys is  technique a p p l ic a b le  to  small samples, 
h igher  f lu xes  than those used by the authors above are requ ired ,  and a t  
p resen t are on ly  a t ta in a b le  in  a nuc lear r e a c to r ,  thus imposing the r e s t r i c t i o n  
o f  m echanica lly  t ran sp o rt in g  the sample between i r r a d ia t i o n  and counting 
p o s i t i o n s .
Such a system, s u ita b le  f o r  CNAA., i s  a v a i la b le  on the Consort I I  r e a c to r  
and has been s u c ce s s fu l ly  used s ince  19.72 (Ozek, 1973) f o r  th is  purpose, 
published r e su lts  employing 2 0 7 Pbin f i r s t  appearing in  1974 (Spyrou e t  a l . ,
1975) .
x The b a s ic  qu an t ity  o f  c y c l i c  a c t i v a t io n  an a lys is  is  the cumulative 
d e tec to r  response to ra d ia t io n s  from induced a c t i v i t i e s  f o r  n consecutive  
i r r a d ia te - t r a n s fe r - c o u n t - r e tu r n  c y c le s .  For a l im i t e d  experim ental t im e, 
the c y c l i c  scheme i s  more e f f i c i e n t  than a conventiona l one s ince  the sh o r t­
l i v e d  iso topes  ra p id ly  reach sa tu ra t ion  a c t i v i t y ,  whereupon fu r th e r  i r r a d ia ­
t io n  on ly  serves to  in crease  unwanted a c t i v i t y  o f  the l o n g e r - l i v e d  s p e c ie s .  
L ikew ise  a f t e r  a, 2.5 * x is 90% o f  the a c t i v i t y  has undergone decay and there
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is  no value in  con tinu ing  the count ( in deed , th is  may be detr im enta l 
i f  l o n g e r - l i v e d  a c t i v i t i e s  are p resent xtfhich could con tr ibu te  to the 
background, thus worsening d e te c t io n  l i m i t s ) .  This p o s s i b i l i t y  i s  
d iscussed in  d e t a i l  by S t e r l in s k i  (1966) who d er iv ed  a r e la t io n s h ip  
between the length  o f  counting time and the background count r a te  to 
g iv e  the b es t  d e tec t io n  l im i t  f o r  a s h o r t - l i v e d  ra d io is o to p e .
2 .3 .1  Theory
Each c y c le  p e r io d ,  T, i s  d iv id ed  in to  4 components:
T = t .  + t  + t  + t  .l  w c w T
where fe  = time o f  i r r a d ia t i o n
t  = time between end o f  i r r a d ia t i o n  and s t a r t  o f  countw
fe  = time o f  counting
t  . = time between end o f  count and s t a r t  o f  i r r a d ia t i o n  and thew
d e te c to r  response f o r  the f i r s t  counting p e r io d ,  f e , i s  obta ined  from
a l l  symbols b e in g  p re v io u s ly  d e f in ed .  During the second counting p e r io d ,  
the d e te c to r  response, D^, w i l l  be made up o f  the induced a c t i v i t y  produced 
during the second i r r a d ia t i o n  plus any re s id u a l  a c t i v i t y  from the f i r s t  
c y c le .  F i g .  (2 .1 )  shows s ch em at ica l ly  the is o top e  a c t i v i t y  va ry in g  w ith  
c y c le  p e r iod  and time. I t  a ls o  i l l u s t r a t e s  the t y p ic a l  decay o f  an 
i r r a d ia t e d  sample ( i s o t o p e  o f  in t e r e s t  plus background m a tr ix ) during the 
counting p e r io d ,  from cyc le  to c y c le  as expressed by the ana lyser  dead-time 
(d iscussed  in  § 6 .2 .3 ) .  Thus:
Eq. (1 .1 7 ) :
-A t c
) C2.2)
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T>2-  Dj + D1e _XT = D jC l + e ' XT) ( 2 . 3)
and fo r  the nth counting p e r iod :
_ ft J -AT - 2AT - ( n - 1 )AT. , ..Dn «  D (1  + e + e + ............... + e ) ( 2 . 4)
Summing the terms o f  the s e r i e s ,  g iv e s :
-m t -A t .  -A t  -A t  -nATN
Dn "  ^ T 1  (1 -  e 1)6 V i  -  e c) • V .-? 2 ( 2 .5)
(1 -e  )
F in a l ly ,  the detector responses to each in d iv id u a l  cycle must be combined 
fo r  a l l  n cyc les to g ive the cumulative detector  response, D^:
Dc ■ X  Di  C2-6)1 = 1
and thus
TvTft T — At. —At —Atft NRel i N w ,-  Cv
c = “T~~ "  e ' e (1 “ e )
-A T/1 -nAT* n e (1 -e  )
/-i q~AT\ , x ATv 2(1 -e  ) (1 -e  )
( 2 . 7)
Eq. ( 2 . 7) i s  the b a s ic  r e la t io n sh ip  f o r  c y c l ic  a c t iv a t io n  a n a ly s is .
2 .4  O ptim isation  o f  Parameters
The cumulative detector response can be maximised by proper selection
of parameters, e.g. for a given total experiment time, nT, the maximum value
o f Dc occurs when t ran s fe r  times are zero and i r r a d ia t io n  and counting times
Tare equa l,  l . e . t = t , = 0 ; t .  = t = xr • In  a l l  subsequent d iscu ss ion ,  w w ’ l  c 2
unless otherwise sta ted ,  t = tw w
The fo l lo w in g  sections deal w ith  the in fluence  o f  the various  parameters 
on the 'obse rved  detector  response w ith  the express purpose o f  p rov id ing  
g u id e l in es  fo r  th e i r  optimum cho ice . To th is  end, a su ite  o f  Fortran  IV
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Analyser
Dead-time
(Arbitary Units)
Saturation
Isotope
activity
1st cycle
average
2nd cycle <*-
tc
3rd cycle
F ig .  ( 2 . 1) : Iso tope  a c t i v i t y  and ana lyser  dead-time as a 
function  o f  time in to  the experim ent.
computer programs, under the general name o f CYCLOPS were w r it t e n .  F ig .
(2 .2 )  g ives an example o f  the output obtained  from one of th is  su ite  
(CYCLOPS/3) ,  namely a summary o f  the input data together w ith  the v a r ia t io n  
in detector  response as a function  o f  s i g n a l  h a l f - l i f e  presented as a l in e  
p r in te r  p lo t .  In  cases where maximisation o f  a function  were re q u ired ,  this  
was performed by a simple i t e r a t i v e  technique.
In order to preserve  the g e n e ra l i t y  o f  the fo l lo w in g  d iscu ss ion ,  the 
detection  of s p e c i f i c  elements w i l l  not be considered , except by way o f  
i l l u s t r a t i o n .  Moreover, c e r ta in  of the timing parameters are expressed, not  
in  abso lute  terms, but ra th er  as m u lt ip le s  o f  the h a l f - l i f e  o f  the isotope
of in t e r e s t  ( t , ) ,  thus:
2
the t o ta l  experiment time, t = nT = mT|
£ 2
and the cycle  p e r io d ,  T = £ti
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F ig .  ( 2 . 2) :  Example o f  output obtained  from the CYCLOPS program;
normalised c y c l ic  and conventional response versus  
h a l f - l i f e  fo r  the i r r a d ia t io n  conditions s p e c i f i e d .
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must be an in te g e r .  The s u f f i x  f0 ’ i s  used throughout to in d ica te  the 
optimum value o f  a parameter f o r  a s e t  o f  cond it ions, thus f e  i s  the 
optimum cycle  per iod  fo r  an iso to p e ,  f o r  a given fe .
2 . 4.1 The e f f e c t  o f  background
In a l l  phys ica l  measurements detection  of a quantity  i s  dependent
on the s i g n a l  to noise  r a t i o  and there fo re  in  choosing the most s u i t a b le
c y c l ic  timing parameters fo r  an iso to p e ,  knowledge o f  other elements
expected in  the sample m atrix  is  important, e s p e c ia l ly  those which produce
isotopes l i k e ly  to contribu te  s i g n i f i c a n t ly  to the background underly ing
the s i g n a l  o f  in t e r e s t .  This suggests that i t  i s  the quantity  gDc/feDc
which should be maximised, and not D as stated  above: where• s c
i s  the cumulative detec to r  response o f  the s i g n a l  from theS C '  ‘ ........1 I " ■ ■ 1" I ." , ,
isotope o f  in t e r e s t ,
^Dc is  the cumulative detec to r  response o f  the background underly ing  
the s i g n a l ,  from other isotopes in  the matrix,
and the quantity  gfe/Z^IT i s a measure o f  the d e t e c t a b i l i t y  o f  a s ig n a l  in  
terms o f  the standard dev ia t ion  o f  the underly ing  background ( ^ )  .
I t  would be an unnecessarily  complicated procedure to c a lcu la te  the 
absolute  con tr ibu t ion  to the s i g n a l  background from an in t e r f e r in g  iso tope ,  
dependent on the energ ies  and in t e n s i t ie s  o f  the gamma rays emitted by the 
iso topes ,  the type o f  detector used and i t s  e f f ic ie n c y  as a function  o f  
energy. Consenquently CYCLOPS, although capable o f  in c lud in g  up to 9 
’background' is o to p e s ,  i s  designed to c a lc u la te  ^ fe  f  rom E q . (.2 . 7) f o r  the 
h a l f - l i f e  (, x j  o f  a s in g le  iso tope  predominating in  the background under-
D j
s u c h  t h a t  t h e  n u m b e r  o f  c y c l e s ,  n  =  , w i t h  t h e  c o n s t r a i n t  t h a t  n
l y i n g  t h e  s i g n a l .  I n  e x p e r i m e n t a l  s i t u a t i o n s  t h i s  i s  o f t e n  t h e  c a s e ,  e . g .
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28A1 in  s o i l s  and rocks . The assumption i s  then made that ,D  isb e
p rop o rt ion a l  to the requ ired  background and thus the fo l lo w in g  g raph ica l  
r e s u l t s  are presented in  a r b i t r a r y  u n i t s .  For g e n e ra l i s a t io n ,  the r a t io
P = + i i s  a ls o  used.
T!2
2 . 4 .2  The e f f e c t  o f  t ra n s fe r/ w a it in g  per iod
In any c yc lin g  system the t ra n s fe r/ w a it in g  time between e n d -o f -  
i r r a d ia t io n  and s t a r t -o f -c o u n t in g  i s  f i n i t e  and, a lthough th is  value is  
made very  small when the i r r a d i a t i o n  source can be pulsed (an advantage  
s p e c i f ie d  by Givens e t  a l . §2 .3) ,  in  the present case, where the sample 
i t s e l f  i s  shu tt led  between i r r a d i a t i o n  and counting p o s i t io n s ,  the f i n i t e  
t ra n s fe r  time may be app rec iab le  w ith  respect to the h a l f - l i f e  o f  the 
iso tope  o f in t e r e s t  and must be taken in to  account when optim ising  c y c l i c  
con d it ion s .  The minimum t^ va lue  o f  any t r a n s fe r  system is  the fundamental
l im it a t io n  on the sh o rte s t  s i g n a l  h a l f - l i f e  measurable. In  exceptiona l
circumstances, when , T! << t/ , i t  may be advantageous to introduce an
d  2 2
a d d it ion a l  delay be fo re  counting a sample, to a l lo w  g ross ,  very s h o r t - l i v e d  
a c t i v i t i e s ,  producing ra p id ly  changing system dead -t im es , to decay.
2 . 4 .3  Resu lts
F ig .  ( 2 . 3) shows the v a r ia t io n  o f  detector response f o r  the h a l f - l i f e  
of in t e r e s t  in  the c y c l ic  and conventional cases as a function  of t o t a l  
experiment time. I t  i s  c le a r  that below  a c e r ta in  va lue  o f  m(m < 5 f o r  t = 0 ) ,  
conventional a c t iv a t io n  i s  to be  p r e fe r re d  to c y c l i c ,  and that in  the conven­
t io n a l  case no fu rth er  b e n e f i t  i s  to be gained a f t e r  sa tu ra t ion  is  achieved  
(m > n, 12) w h i l s t  the c y c l ic  response continues to in c rea se .  The e f f e c t  o f
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m
F ig .  £2 .3 ) : V a r ia t io n  o f  c y c l ic  and conventional s ig n a l  with  
to ta l  experiment time, fo r  various w a it in g  times.
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w a it in g  p e r io d ,  t^ , i s  to decrease the response in  both cases ,  as expected,  
and make the crossover poin t from conventional to c y c l ic  occur a t  la r g e r  m 
v a lu es .  However th is  does not take in to  account background.
In F ig .  ( 2 . 4) the r a t i o  o f  the s i g n a l - t o -v /baolcground ( s Dc/>^% ) i s  
p lo tted  versus the to ta l  experiment time fo r  d i f f e r e n t  w a it in g  periods  
expressed in  terms o f  the h a l f - l i f e  o f  the isotope o f  in t e r e s t ,  as a comparison  
o f c y c l ic  and conventional a n a ly s e s . The h a l f - l i f e  o f  the major con tr ibu t ing
isotope to the underly ing  background o f  the s ig n a l  i s  taken as 1001+ . This
2
i s  not an u n r e a l i s t i c  s i tu a t io n  in  b io log ica l/env ironm enta l samples when 
e .g .  77Sem ( 1 7 .5s ) and 20F ( l l s )  are measured.
I t  can now be seen that the background p lays a s i g n i f i c a n t  ro le  in
emphasising the d i f fe re n c e  between conventional and c y c l i c  cases and
in d ica tes  that  the c ro s s -o v e r  p o in t  from one to the other has moved to lower
values o f  m (m < ^ 2 fo r  t = 0) i . e . at even sh orte r  t o t a l  experiment times.w
W h i ls t  no improvement was obtained in  conventional a c t iv a t io n  by going to 
la rg e  va lues o f  m fo r  p = 0 (no background ), the s i tu a t io n  a c tu a l ly  d e te r io ra te s
when p = 100 as c le a r ly  shown by the maxima in  F ig .  ( 2 .4 ) .  I t  i s  a lso  true to
say that pro long ing  the to ta l  experiment time fo r  c y c l ic  a c t iv a t io n  w i l l  
always r e s u l t  in  an improved ' s i g n a l - t o ~ n o is e ’ r a t i o .
There fore , assuming that a dec is ion  has been reached as to the choice
o f  the t o t a l  experiment time t (=  hit, )  fo r  an isotope o f  in t e r e s t  -  th is  i s
c 2
usua lly  a compromise between time a v a i la b le  per sample ana ly s is  and the
s e n s i t i v i t y  to be achieved by cy c lic  a c t iv a t ion  in  l i e u  o f  the conventional,
one shot, a n a ly s i s .  The question  s t i l l  remains: what i s  the cycle p e r io d ,  T,
to be used? F ig .  ( 2 .5 ) shows the v a r ia t io n  o f  D // D (a s  w e l l  as D ) w ith°  s c  b c  s c
Tcycle per iod  (note : & = — -) . An isotope  h a l f - l i f e  o f  10s and a ’background'
T i2
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F ig .  ( 2 . A) : V a r ia t io n  o f  c y c l i c  and conventional ' s i g n a l - t o - n o i s e '
r a t i o  w ith  td ta l  experiment time, f o r  various w a it in g  times
F ig .  ( 2 .5 ) : S ign a l  and Ts i g n a l - t o - n o i s e ’ r a t i o  as a function  o f  
cycle  pe r iod  and w a it in g  time, fo r  a f ix ed  length  o f  
experim ent.
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h a l f - l i f e  o f  1000s have been chosen f o r  a to ta l  experiment time, mt! ,
2
o f  100s .  The curves go through maxima thus showing that an optimum 
value of £ e x is t s  (£ Q) . Under a l l  con d it ion s ,  £Q i s  always longer fo r  
gDc than fo r  gDc / a n d  an in c re a s in g  t aga in  su b s t a n t ia l ly  reduces 
the re spon se .
The optimum cycle  p e r iod  has been p lo t te d  as a function  o f  t o ta l
experiment time in  F ig .  ( 2 .6) f o r  t = 0  and d i f f e r e n t  values o f  p ,  tow
i l l u s t r a t e  the e f f e c t  o f  ’ background' h a l f - l i f e  on the timing param eters.
I t  can be seen that £q does not vary  app rec iab ly  fo r  m > 20, when background
response i s  taken in to  con s ide rat ion ; in  f a c t  there is  l i t t l e  d i f fe re n c e  in
the va lue  o f  £ a f t e r  that p o in t  f o r  background h a l f - l i v e s  > 100 ^  , The 
0 -  2
converse i s  a ls o  t ru e : that £^ i s  very s e n s i t iv e  to changes in  m when m is  
sm all. Perhaps the obvious should be s t a te d :  the optimum cycle time 
decreases as the background h a l f - l i f e  in c rea se s ,  fo r  the same value o f  the 
to ta l  experiment time, but becomes le s s  pronounced f o r  the conditions mentioned 
above ( i . e .  p > 100 and m > 20 ).
F ig .  ( 2 .6) considered only the case where t = 0 ; when optimum cycle
per iod  (T  = £nr 1) fo r  the ' s i g n a l - t o - n o i s e ’ r a t i o  i s  p lo t te d  a ga in st  w a it in g  U U 2
time (F ig .  ( 2 .7) ) ,  somewhat s u rp r i s in g ly  the curve obtained  does not vary
s i g n i f i c a n t ly  with background h a l f - l i f e  ( , t , = p . T , ) .  Although the r e l a t i o n -
D 2 2
ship shown in  F ig .  ( 2 . 7) is  fo r  the case when p = 100 , i t  holds f o r  a l l  
values of p fo r  which the curve has been computed (101 < p < 105) and small 
dev iat ions  occur only at t f x x <  0 , 0 5 .W 2
Moreover th is  curve was a ls o  found to be  independent o f  the t o t a l  
experiment time fo r  the range 5 < m < 1000 in v e s t ig a ted .  Small f lu c tu a t ion s  
do occur, depending on the m v a lu e ,  more e s p e c ia l ly  when m i s  sm a ll ,  but  
these may be a t t r ib u ted  to the con stra in t  o f  n be ing  an in tege r  in  the 
c a lc u la t io n s .  The fa c t  that th is  curve i s  not in fluenced  by p or m, in
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complete contrast  to the case where fe  = 0 (F ig .  ( 2 .6 ) ) ,  i s  o f  g reat  
va lu e , since  i t  has app lic a t ion s  in  a much w ider v a r ie ty  o f  experimental  
s itu a t ion s  i . e .  d i f f e r e n t  sample m atrices and i r r a d ia t io n  modes.
Fo llow ing  the d iscuss ion  o f  F ig .  ( 2 .4) ,  the question  should be 
posed: How much i s  gained in  d e t e c t a b i l i t y  by in creas in g  the to ta l  
experiment time? F ig .  ( 2 . 8) shows that the gain  i s  considerab le  i f  only  
the s i g n a l  from the isotope  o f  in t e r e s t  i s  considered , w ith  no con tr ibu t ing  
background m atrix , as demonstrated by the v a r ia t io n  o f  the optimum response  
( D ) w ith  m. [Note : (  D ) and ( D / / d ) )  are the optim ised s ign a l  ando l n b- c* u b u u L u
Ts i g n a l - t o -n o i s e 1 responses r e sp e c t iv e ly ,  i . e .  those responses obtained  fo r
an optimum cyc lin g  p e r io d  ( f e t , )  in  a s p e c i f i c  to ta l  experiment time (mTi)
U 2 §
as given in  F ig .  ( 2 .6 ) ] .  However, in  the more r e a l i s t i c  case where the s ign a l
s i t s  on a background produced by the sample m atrix , the v a r ia t io n  o f
( D // D ) w ith  m i s  not so la r g e  and tends to f l a t t e n  out w ith  in creas in g  
s c b c o
to ta l  experiment time a f t e r  some va lue  o f  m. The longer  the h a l f - l i f e  o f  
the con tr ibu t ing  background (/i.e.. as p in c rea se s !  the f l a t t e r  becomes the 
response but i t  i s  important to note that the s ig n a l  to no ise  r a t i o  i s  always 
higher when the background H a l f - l i f e  i s  longer,  a fe a tu re  enhanced By c y c l ic  
a c t i v a t i o n .
In  q u an t ita t iv e  terms, Egan ( 1977) has shown that the optimum ' s i g n a l -
t o -n o is e T r a t i o  can on ly be improved by a fa c to r  o f  /2 by in c rea s in g  fe  i f
Tj: >> T| . For n £ 5 , to a good approximation:
D 5 2
D = n. D-, when T is  optim ised.
S C  S -I
For the lo n g - l iv e d  m atrix  a c t i v i t y :
bDc = bDi + 2bDl  + ........... n 'bDJ
w b i c h , a f t e r  s u m m i n g  g i v e s :
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F ig .  ( 2 . 8) : V a r ia t io n  o f  optimum s ig n a l  and ’ s i g n a l -
t o -n o i s e ’ r a t io  w ith  to ta l  experiment time, fo r  
various  h a l f - l i v e s  o f  the background.
a n d  t h e r e f o r e
n (n + l )
2 b i
i.e .
fo r  la rge  n.
The p r a c t i c a l  im p lic a t ion  o f  th is  r e s u l t  i s  that in c rea s in g  the e x p e r i ­
ment time w i l l  enhance the photopeak a rea  fo r  the a c t iv i t y  o f  in t e r e s t ,  but  
w i l l  not g rea t ly  improve tire chance o f  d etec t in g  th is  a c t iv i t y  i f  i t  has 
not become apparent in  e a r l i e r ,  shuorter experiments.
2 . 4 .4  Conclusions
To summarise, i t  i s  p o s s ib le  to o u t l in e  a s e r ie s  o f  s tep s ,  which., i f  
fo l low ed ,  should lead to the b e s t  p o s s ib le  detection  and measurement o f  a 
s h o r t - l iv e d  isotope  by CNAA,
1) Define the h a l f - l i f e  o f  the iso tope  o f  in t e r e s t  ( j  , )
4) E s ta b l i sh  whether a st ron g ly  in t e r f e r in g  background due to m atrix  a c t i v i t y
2
2) E s ta b l i sh  the t r a n s fe r  time o f  the system Ct )w'
3) Decide on a to ta l  experiment time Ctt ) , and hence m, based on a
compromise between the time a v a i l a b l e  per sample an a ly s is  Can economical
conside rat ion ) and the requ ired  s e n s i t i v i t y ,  as demonstrated in  F ig s .
( 2 . 3) and ( 2 . 4) .
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i s  p resent, and, i f  so , th is  w i l l  de fine  ^xA and hence p.
5 ) Obtain the optimum cycle  p e r io d ,  £ , by use of F ig s .  ( 2 .5 ) ,  ( 2 .6 )
T - 2t
or ( 2 . 7) ,  hence n and a lso  t. = t = — — *
i c  2
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CHAPTER 3
CYCLIC ACTIVATION WITH A LOW ENERGY PHOTON DETECTOR
3.1 In troduction
I t  was pointed out a t  the beg inn ing  o f  chapter 2 that a considerab le  
propo rt ion  ?  60%) o f  rad ion uc lides  produced by (n ,y )  reac t ions  and w ith
h a l f - l i v e s  in  the range 300 ms < Tj «  600s are  m etastable  isomers. When
2
th is  fa c t  i s  combined w ith the knowledge that the decay o f  a metastable  
sta te  i s  frequently  assoc iated  w ith  the emission o f  low energy gamma rays  
and X-rays as a r e s u l t  of the isom eric  t ra n s it io n  and in te rn a l  conversion  
processes ( § 1 .4 ) ,  the a n a ly t ic a l  p o s s i b i l i t i e s  o f  c y c l ic  a c t iv a t io n  in  
combination with a low energy photon detector (LEPD) must be considered.
In  f a c t ,  out o f  a to ta l  o f  160 m etastable isomers produced by neutron  
induced re ac t io n s ,  approximately 52 have h a l f - l i v e s  between 0 .1s and 100s .
F ig .  ( 3 . 1) i s  a histogram of the d is t r ib u t io n  o f  these isomers as a function  
o f  h a l f - l i f e ,  a lso  showing those r e s u l t in g  only from (n ,y )  reac t io n s ,  in  
order to emphasise the r e l a t i v e  importance o f  the s h o r t - l i v e d  f r a c t io n .
The work presented in  th is  chapter i s  a f e a s i b i l i t y  study o f  the use o f  
a LEPD fo r  the detection  and measurement o f  s h o r t - l i v e d  isotopes by low  
energy y or X -ray photons in  the context o f  a c t iv a t io n  a n a ly s i s . The experimental  
arrangement used is  descr ibed  and a m odified  c y c l ic  a c t iv a t io n  technique is  
discussed and evaluated  w ith  respect to labo ra to ry  prepared elemental standards.  
Results are  presented fo r  the s e n s i t i v i t i e s  Cin pg) o f  some 23 d i f f e r e n t  
elements in v es t ig a ted ,  together w ith  the means o f c a lc u la t in g  th e i r  detection  
l im i t s - i n  a v a r ie ty  o f  b io log ica l/env ironm enta l m atrices as represented  by 
standard re fe rence  m a te r ia ls .
M e t a s t a b l e  I s o m e r s
N u m b e r
20 —
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F ig .  ( 3 .1) : D is t r ib u t io n  o f  h a l f - l i v e s  of a l l  metastable  
isomers produced by neutron induced reactions  
(shaded area  r e fe r s  to (n ,y )  reactions  only)
3 .2  The In -Core  I r r a d ia t io n  System (IC IS )
The U n ivers ity  o f  London Reactor possesses a f a c i l i t y  (Spyrou, 1972) 
s p e c i f i c a l l y  designed fo r  work w ith  s h o r t - l i v e d  iso to p e s ,  capable o f  
operating  in  e ith e r  the c y c l i c  or conventional modes. ICIS enables samples 
to be i r r a d ia t e d  in  the geometric centre o f  the core and to be ra p id ly  
transported backwards and fo rw ard s ,  pneum atica lly , to a counting p o s i t io n ,  
fo r  a se lec ted  number o f  c y c le s .  The system is  shown schem atica lly  in  
v e r t i c a l  sec t ion  through the reac to r  (F ig .  ( 3 .2a ) ) .
The t ran s fe r  tube is  o f  aluminium a l lo y  o f  19 mm in te rn a l  diameter and 
1 .7  mm w a l l  th ickness. In s id e  the reac to r  th is  tube i s  encased in  another 
aluminium tube, the c learance  be ing  2.6  ram. The pneumatic f lu i d  used i s
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oxygen -free  n it ro gen  working a t  a p ressu re  o f  v 2 atmospheres. Movement o f  
the n itrogen  is  c on tro l led  by two so len o id  operated v a lv e s ,  the so lenoids  
be ing  t r igge red  by e lectrom echan ica l c locks . The duration  o f  opening o f  
both va lves  may be independently c o n t ro l le d .  The e lectrom echanical c locks  
re gu la te  the time fo r  which the sample i s  i r r a d ia t e d  and, in  the case o f  
c y c l ic  a c t iv a t io n ,  the time fo r  which the sample i s  counted. S e lec t ion  
from a number o f  in te rchangeab le  clocks a llow s timing se t t in g s  which are  
continuously v a r ia b le  in  the range 2s to 3 h r .
Samples, p laced  in  low density  po lyethy lene  v i a l s ,  are fu rth er  contained  
in  an outer capsule (a  ' r a b b i t ' )  o f  the same m a te r ia l .  Polythene spacers  
are a ls o  used to ensure rep rod u c ib le  p o s it io n in g  o f  the sample w ith in  the 
r a b b i t .  Since the mechanical shocks which the r a b b i t  undergoes may be  
con s ide rab le ,  e s p e c ia l ly  i f  repea ted ly  cyc led , the l id s  o f  the containers  
are welded on to prevent a cc id en ta l  opening.
The counting s t a t io n  f o r  c y c l i c  a c t iv a t io n ,  as in d ica ted  in  F ig .  ( 3 .2a) 
and a ls o  shown in  F ig .  ( 3 . 3a ) ,  i s  7 . 75m from the i r r a d i a t io n  p o s i t io n ,  and 
located  on the b i o lo g i c a l  s h ie ld in g  above the re ac to r  core . The sample i s  
h a lted  a t  th is po in t  by a s t e e l  p in  in se rted  in to  the t ra n s fe r  tube during  
the f i r s t  i r r a d ia t io n  p e r io d .  This arrangement is  shown in  F ig .  ( 3 . 2b ) and 
F ig .  ( 3 . 3b ) w ith  the p lan ar  Ge detector in  p o s it io n .  Depending on the 
requirement, th is  d e tec to r  may be exchanged fo r  a G e (L i ) ’ type, in  which case  
lead sh ie ld in g  is  p laced  around the p ipe/detector to reduce the background  
s ign a l  from the re ac to r  environment. However, when the LEPD i s  employed, 
f lu o re scen t  lead X -rays ,  induced by the ac t ivated  sample, make the use o f  
th is  sh ie ld in g  u n d es irab le .  For conventional i r r a d ia t io n  requirements the 
sample .is  returned d i r e c t ly  to the load/unload breech (shown a t  bottom r ig h t  
hand corner o f F ig .  ( 3 . 3a) together w ith  the two e lectrom echanica l c lo ck s ) from 
whence i t  may be sent to the rad iochem ical la b o ra to r ie s  f o r  unpackaging and 
subsequent counting.
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F ig .  ( 3 . 2a) : Schematic diagram o f  v e r t i c a l  section  through the
reac to r  showing ICIS and c y c l ic  a c t iv a t io n  counting  
s t a t i o n .
R e m o v a b l e  P i n
T o  R e a c t o r  
C o r e
F i g .  ( 3 . 2b )  : S c h e m a t i c  d i a g r a m  o f  c o u n t i n g  p o s i t i o n  f o r  c y c l i c
a c t i v a t i o n  a n a l y s i s .
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Fig. ( 3 . 3a) : View o f  CONSORT I I  re ac to r  showing c y c l ic  ac t iv a t ion  counting  
sta t ion  (c en tre )  and ICIS contro ls  (bottom r i g h t ) .
F ig. ( 3 . 3b) : Pure Ge detector  located  at counting p o s it io n  fo r  c y c l ic  
act iva t ion  a n a ly s is .
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found the t r a n s fe r  time between i r r a d i a t i o n  and c y c l ic  counting po s it io n
to be 552 ± 2 ms in d ic a t in g  an average v e lo c i t y  o f  ^  14 m .s "1. The capsule  
was found to bounce once on a r r i v a l  a t  the p in  but fo r  counting purposes 
could be considered s ta t ion a ry  and in  p lace  in  < I s .  The consistency o f  
the e lectrom echanica l c locks was tested  by s e t t in g  nominal 12s i r r a d ia t io n  
and counting times repeated over se v e ra l  c y c le s .  The standard dev ia t ion  o f  
the counting p e r iod  was found to be  ±  0 . 15s .  Clock accuracy, based on 4 
sets o f  25 cyc les (w ith  cyc le  pe r iod  o f  24s )  checked a ga in st  two conventional 
stopwatches (accuracy 'b 0 .5s in  300s )  showed that a 5 minute i r r a d ia t io n  and 
count programme can be se t  to b e t t e r  than ± 0 . 3%.
3 .3  The Low Energy Photon D etector System
The LEPD used in  th is  study was an E ls c in t  pure germanium p lan ar  detector  
of 200 mm2 active  area and 5 mm thickness (1  cm3 act ive  vo lum e), prov ided  
with a 50 pm thick b e ry l l iu m  window, and used in  con junction  w ith  a pulsed  
o p t ic a l  feedback (P0F) charge s e n s i t iv e  p r e a m p l i f i e r . In  a d d it io n ,  a Seforad  
SR300 spectroscopy a m p l i f ie r ,  s p e c i f i c a l l y  designed fo r  use w ith  P0F systems, 
was a v a i l a b l e .  The spectrometer system was completed by a Laben Modular 8000 
s e r ie s  4096 channel MCA, 100 MHz ADC and magnetic tape output.
During i n i t i a l  t e s t in g  o f  the system using  standard ra d io a c t iv e  sources  
g iv in g  low counting ra tes  (<  1000 c.s"1) , performance met the manufacturers  
s p e c i f ic a t io n s  w ith  energy r e so lu t io n  (FWHM) o f  530 eV fo r  the 122 keV photo­
peak o f  57Co. However, when the counting ra te  was increased  to > 104c.s_ 1 , as 
may be encountered in  c y c l ic  a c t iv a t io n  s i tu a t io n s  where high count ra te s  are  
necessary to acquire  s t a t i s t i c a l l y  s i g n i f i c a n t  s ig n a ls  in  the short times 
a v a i l a b l e ,  performance d e te r io ra te d  to the po in t  where the system was
T h e  c h a r a c t e r i s t i c s  o f  I C I S  h a v e  b e e n  s t u d i e d  b y  E g a n  ( 1977 )  w h o
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e f f e c t i v e ly  p a ra ly sed .  This behaviour could be a t t r ib u te d  to the design  
of the main a m p li f ie r  (S e forad  SR300) , which has an i n - b u i l t  in h ib i t o r  
and p i le -u p  r e je c t o r ,  fea tu re s  s p e c i f i c a l l y  included to improve r e s o lu t io n .
The output s ign a l  from the p r e -a m p l i f i e r  consists  o f  a s e r ie s  o f  p o s i t iv e  
going steps (corresponding to the s i g n a l s )  with a la r g e  negat ive  going  
r e s e t .  The r e se t  has various d e le te r iou s  e f f e c t s  in  the main a m p l i f ie r ;  
r e so lu t io n  s u f fe r s  since  i t  is  undes irab le  fo r  the b a se l in e  recovery  
c i r c u i t  to re s to re  on any la rg e  negat ive  p u ls e s ,  sa tu ra t ion  o f  the a m p li f ie r  
(m, -  15v output s i g n a l )  occurs r e q u ir in g  a long recovery time, and i t  is  
p o s s ib le  under c e r ta in  c ircumstances, that spurious output pu lses  may be 
generated r e s u l t in g  in  a f a l s e  peak in  the spectrum obtained . Each time 
the p r e -a m p l i f i e r  r e s e t s ,  a lo g ic  pu lse  i s  emitted sim ultaneously . The 
purpose o f the in h ib i t o r ,  on re c e iv in g  each lo g ic  p u lse ,  i s  to switch o f f  
the b a se lin e  recovery c i r c u i t  and c lose  a gate on the output stage  o f  the  
am p li f ie r  l a s t in g  a. 6 x peaking time (peaking time * 3.5  x shaping time 
c o n s ta n t ) . S im i la r ly ,  the p i l e -u p  r e je c t o r  c loses the same gate fo r  ^ 7 x 
shaping time constant each time a s ign a l  pu lse  i s  detected a t  the input  
stage in  order to reduce p i le -u p  e r r o r s .  The s i tu a t io n  then a r is e s  in  th is  
p a r t ic u la r  a m p l i f ie r ,  which has a lo n g ,p re s e t ,  non-adjus tab le  shaping time 
constant o f  ^ 8 p s , that x<rith high counting ra tes  and corresponding ly  la rg e  
numibers o f  r e s e t s ,  the output gate o f  the a m p li f ie r  remains permanently c lo sed  
i . e .  the system is  p a ra ly sed .  I t  was therefore  concluded that th is  a m p li f ie r  
is  i d e a l l y  su ited  to high re so lu t io n ,  low counting ra te  a p p l ic a t io n s ,  un like  
the requirements fo r  th is  study. Consequently a Canberra 1412 research  
am p li f ie r  o f  more v e r s a t i l e  des ign  was su b st itu ted .
Experiments, aga in  us ing  standard y and X-ray sources ,  were c a r r ie d  out 
to determine the b e s t  a m p l i f ie r  and ADC se tt in gs  for the spectrometry  
system. By fa r  the most important v a r ia b le s  are  the shaping time constants
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of the main a m p l i f i e r .  Under id e a l  circumstances, these should be 
long ( v  8 ys) to ensure complete charge c o l l e c t io n  by the p r e -a r a p l i f ie r  
( § 1 .5 . 2) but to a l lo w  f o r  h igh counting ra te s  and a lso  com p at ib i l ity  
with  a p a r t ic u la r  ADC, sh o rte r  va lues  are commonly used. F ig .  ( 3 .4 ) 
shows the v a r ia t io n  in  r e s o lu t io n  as a function  o f  the a m p l i f ie r  shaping  
time constants (the  in te g ra te  and d i f f e r e n t i a t e  constants were always 
se t  to the same va lu e , s ince  b e s t  re so lu t io n  was obtained fo r  symmetrically  
shaped p u lse s )  f o r  the 14 .4  and 122.1  keV photopeaks o f  57Co as measured 
by th e ir  FWHM. The source was maintained a t  a constant geometry g iv in g  
a count ra te  in  the ADC o f  1020 ± 50 c.s- 1 . The count ra te  was measured 
from the SCA output o f  the ADC using  a second MCA in  m u lt is c a l in g  mode.
Spectra were recorded on magnetic tape f o r  the various  a m p l i f ie r  and 
ADC se t t in g s  and the FWHM o f  .each. peak, obta ined  using  the SAMPO SHAPEDO 
ro u t in e .  Two curves were obtained  f o r  bo th - in c id en t  photon energ ies  c o re s -  
ponding to 'H ig h 1 and 'Low' b a s e l in e  r a s to r a r  ra te  s e t t in g s  o f  tEe a m p l i f i e r .  
The behaviour o f  the curves appears energy dependent and i s  p robab ly  a 
function  o f  the ope ra t ion a l des ign  o f  the Laben ADC used, since th is  r e s u l t  
was not obtained  when a Tracor Northern  'Econ I I ’ ADC was su b s t itu te d ,  as 
can be seen from the broken l in e  a ls o  shown on F ig .  ( 3 . 4) .
The two ADC's, a lthough both  ope ra t in g  on the Wilkinson-ramp p r in c ip l e ,  
d i f f e r  in  the r i s e  time a llow ed  each p u lse ,  which in  E q . ( 1 . 18) was r e fe r r e d  
to as ' a ' .  The Laben ADC a llow s th is  value to be se lec ted  and p re se t  by the 
user ,  in  th is  case c a l le d  the R ise Time P ro tec t  (RTP), the longest  s e t t in g  
be ing  8 y s . Since the pu lse  r i s e  time is  v 3.5  x shaping time constant, pu lses  
with > 2 ys shaping cannot be handled by th is  ADC since d i g i t i s a t i o n  would  
commence too soon on an incoming analogue p u l s e . This exp la in s  the energy  
dependence o f  these curves; the analogue s ign a ls  corresponding to the 14 keV
-  71 -
photons, be ing  sm a lle r ,  reach maximum amplitude be fo re  those o f the 
122 keV photons and are thus not a f f e c te d  by the 3 ys shaping constants.
The Tracor ADC, on the other hand, has a continuously  v a r ia b le  
input pu lse  r i s e  time from b a s e l in e  to peak amplitude enab ling  i t  to 
handle s ign a ls  w ith  much lon ge r  shaping constants. Best re so lu t io n  of  
510 ± 15 eV at 122 keV was obtained fo r  8 ys shaping using  th is  ADC,
However, since the Laben MCA was used fo r  th is  study, 2 ys shaping
constants were chosen.
With a count rate  'v 103c.s“ 1, the 'Low* b a se l in e  r e s to re r  ra te  i s  to 
be p re fe r r e d ,  but i s  th is  true f o r  h igher count rates?  F ig .  ( 3 .5 ) shows 
the v a r ia t io n  in  spectrometer r e so lu t io n  as a function  o f  count rate  
(measured in the manner above) f o r  the ’H igh ’ and ’ Low’ s e t t in g s .  The 
count ra te  was increased  by stack ing  a d d it io n a l  57Co sources above the 
d etec to r .  I t  can be seen that , f o r  count rates < a. 15,000  c.s"1, the ’ Low’
BLR ra te  is  always p re fe r re d .  With those s e t t in g s ,  an increase  in  count
ra te  from 103 to 104 c.s"1 worsens the re so lu t io n  by 'v 11%.
Gating the p r e -a m p l i f i e r  r e s e t  pu lses  by an e x te rn a l ly  t r ig g e red  
p u lse r  o f  v a r ia b le  width ( 40-100  ys ) connected to the antico inc idence  input  
o f the ADC, thus sim ulating  the b u i l t - i n  in h ib i t o r  of the Seforad a m p l i f ie r ,  
made no improvement on the r e so lu t io n  obtained.
F in a l ly ,  having determined the bes t  compromise o f  amplifier/ADC  
s e t t in g s  (2  ys shaping time constants; ’ Low’ ra te  b a se l in e  r e s to r e r ;  8 ys 
r i s e  time p r o t e c t ) , the re so lu t io n  as a function o f energy was measured 
fo r  a count rate  o f  ' v  103 c;s- 1 . Standard sources were again  used f o r  th is  
purpose, covering  the energy range from 26 .4  lceV ( 241Am) to 356 keV ( 133Ba) 
and the FWHM obtained from the peak width  parameter supp lied  by the SHAPED0
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rou t ine . F ig . ( 3 . 6 ) shows the r e su lt s  o f  the re so lu t ion  measurements 
p lo t te d  versus photopeak energy, which are s a t i s f a c t o r i l y  described  by 
a l in e a r  function f i t t e d ,  in  the l e a s t  squares sense, to the data.
3 . 3.1  E f f ic ie n c y  measurement
One o f  the most important c h a ra c te r is t ic s  o f  a y or X -ray detector  
system is  the e f f i c ie n c y  as a function  o f in c iden t photon energy. Know­
ledge o f  th is  r e la t io n sh ip  i s  e s s e n t ia l  f o r  abso lute  c a lcu la t io n s  (§1 .6 )  
in INAA where a s in g le  comparator i s  used as a standard. Furthermore 
th is  c h a ra c te r is t ic  e f f e c t i v e l y  defines  the range o f  photon energ ies over 
which the detector  w i l l  u s e fu l ly  operate and thus i t s  s u i t a b i l i t y  fo r  
s p e c i f i c  a p p l ic a t io n s .  I t  was th ere fo re  decided to measure the e f f i c ie n c y  
of the LEPD as p a r t  o f  th is  study, and to t e s t  the s u i t a b i l i t y ,  in  the low 
energy reg ion ,  o f  the em pir ica l function  provided  in  the SAMPO code, 
designed p r in c ip a l ly  f o r  use w ith  G e (L i )  detector  data at h igher energ ies ,  
ty p ic a l ly  above 50 keV.
A v a r ie ty  o f  techniques e x is t  f o r  the absolute  or  r e la t i v e  e f f i c ie n c y  
c a l ib r a t io n  o f  a low-energy photon detector  and have been c r i t i c a l l y  
reviewed by Campbell and Me N e l le s  ( 1975) .  By f a r  the most f requen t ly  
reported technique,and the one employed here , is  the use o f  primary gamma- 
ray standards supp lied  by o rgan isa t ions  such as the IAEA, NBS or Radio­
chemical Centre. The metrology labo ra to ry  u sua l ly  su pp lie s  in form ation  
on the abso lute  d is in te g ra t io n  ra te s  o f  these standards (a sc e r ta in e d  e .g .  
by coincidence counting) and recommends a se t  of gamma-ray in t e n s i t ie s  
obtained from a v a i l a b le  n uc lear  data. These are g en e ra l ly  used to c a l ib r a t e  
gamma-ray detectors over the energy range ro 100-1800 keV. A se r ious  draw­
back to using y -ray  standards is  that they provide i n s u f f i c i e n t  po in ts  at
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F ig .  ( 3 . 6) : Reso lution  as a function  o f inc ident photon energy  
fo r  the pure Ge detector .
)
low energies to permit accurate in te rp o la t io n  o f an e f f i c ie n c y  curve 
through the experimental data p o in ts .  This may be overcome in a v a r ie ty  
o f ways. F i r s t l y ,  most of the primary y -ray  sources a lso  emit X -ray s ,  o f  
which the in te n s i t ie s  may be der ived  by employing pub lished  X/y r a t io s  
(Campbell and Me N e l l e s ,  1975) ,  or obtained d i r e c t ly  from the l i t e r a t u r e  
(Hansen et a l . ,  1973) ,  a lthough o ften  these w i l l  have l a r g e r  assoc ia ted  
un ce rta in t ie s  than the primary y - ra y  standards. Further data po in ts  may be  
obtained by the use o f  a few rad io iso topes  that provide  a se r ie s  o f , l in es  
o f  known r e l a t i v e  in ten s ity  and then ’p in n in g1 the r e s u l t in g  r e la t i v e  
e f f ic ie n c y  curve by in te rp o la t io n  with  absolute va lues obtained from the 
primary standards. Such isotopes as 75Se, 82Br (Gehrke et  a l . ,  1977) ,
152eu (Notea and E l i a s ,  1970) and 226Ra (Zobel et a l . , 1977) are s u i t a b le  
f o r  use in  th is  manner and may in  some cases be produced by the user .  
Hnatowicz and F is e r  ( 1978) have suggested a new method f o r  the e f f i c ie n c y  
c a l ib r a t io n  o f  Ge detectors which u t i l i z e s  the continuous ex te rna l bremss-
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trah lung ra d ia t io n  produced by e le c t ron s  from rad ioac t iv e  8 -decay,  
enab ling  the e f f i c ie n c y  to be determined a t  any energy in  the range  
80-500 keV.
E f f ic ie n c y  c a l ib r a t io n  measurements were made, i n i t i a l l y  using  
Radiochemical Centre (Amersham) se a led  standard y -ray  sources , in  the 
energy region  ^ 5-  'v 400 keV f o r  the low energy photon spectrometer  
described  above. Sources o f  54Mn, 57Co, 88Y, 133Ba, 137Cs, 203Hg and
Oh 1 9 m
*  Am with  nominally c a l ib ra te d  a c t i v i t i e s  o f  1-20  y Ci were p laced  m  
a f ix e d ,  rep roduc ib le  geometry by means o f  a perspex support which s lo t te d  
over the top o f  the de tec to r .  The so u rce -de tec to r  d istance was 'v 45 mm.
The source strength  in  each case was chosen to produce a low count ra te  
in  the spectrometer g iv in g  ana lyse r  dead-times o f  only a few percent.  
Counting times ( l i v e  time mode) were then ad justed  to obta in  > 104 counts 
in  the peaks o f  in t e r e s t  (and thus a s t a t i s t i c a l  p re c is io n  o f  b e t t e r  than 
1%), whenever p o s s ib le .  Spectra  (4000  channels; 0 .1  keV/ch) f o r  each o f  
the standard sources , dup lica ted  in  c e r ta in  cases , were recorded on magnetic  
tape and subsequently analysed u s ing  SAMPO. Absolute  e f f i c i e n c ie s  ( e ) , in  
th is  case defined  as the r a t i o  o f  the number o f  counts recorded in  a 
p a r t i c u la r  photopealc to the t o t a l  number o f  photons o f  corresponding energy  
emitted by the source in  a l l  d i re c t io n s  during the counting p e r iod ,  f o r  the 
p a r t i c u la r  geometry concerned, were c a lc u la te d  by:
e -A t
«A*e Wx3 . 70x l 0 4x lx t c
where D = photopeak area counts
<A = c e r t i f i e d  a c t i v i t y  (y  C i )  o f  source  
A = decay constant o f  iso tope
t w  =  t i m e  b e t w e e n  c e r t i f i c a t i o n  a n d  c o u n t i n g  o f  s o u r c e
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I  = abso lute  pboton in t e n s i t y ,  i . e .  number o f photons emitted  
per  d is in te g ra t io n  
t = ana lyse r  l i v e  counting time.
which i s  only a p p l ic ab le  in  s i tu a t io n s  where t << t ,.
c 2
Resu lts  from these sources , together w ith  the re levan t  nuc lear  data, are  
shown in  Table ( 3 . 1) .  By in c lud in g  K and L X -ray peaks where app rop r ia te ,  
26 e f f i c ie n c y  po in ts  between 5 .47  and 383.87  keV were obtained .
To supplement th is  data , a d d it io n a l  sources o f  75Se and 152Eu, 
em itting  photons o f  9 and 8 d i f f e r e n t  energ ies  r e sp e c t iv e ly  below  
v 400 keV and thus su i t a b le  f o r  r e l a t i v e  e f f i c ie n c y  measurements, were 
used. The 152Eu was a sea led  source supp lied  by PTB (W. Germany) w h i l s t  
the 75Se source was produced by i r r a d ia t io n  in the U n iv e rs ity  o f  London 
R eactor, s p e c i f i c a l l y  f o r  the purpose. Approximately 40 yg o f  Se, in  
so lu t io n  form as selenous ac id ,  was t ra n s fe r red  by m icrop ipette  to a 
f i l t e r  paper d isc  v 5 mm in diameter and evaporated to dryness. The 
d isc  was subsequently i r r a d ia t e d  in  a core tube ( 270° /3CT) fo r  5 operating
days and a fterw ards mounted on an adhesive tape backing p r i o r  to counting.
Source a c t i v i t y  due to 75Se ( t ,  = 120 d) was estimated as a, 1 y Ci at the
2
time o f  counting. Table ( 3 . 2 ) l i s t s  the energ ies corresponding to the 
peaks detected in  the 75Se and 152Eu sp ec tra ,  together w ith  the r e l a t i v e  
i n t e n s i t ie s  o f  the peaks. In the case o f  * 82Eu only 4 peaks were su i t a b le  
f o r  use, the others be ing  too small or unreso lved . To obta in  abso lute  
e f f i c ie n c y  v a lu e s ,  a lso  g iven  in  Table ( 3 , 2 ) ,  the r e l a t i v e  va lues were 
’p inned1 by taking the r e s u l t s  from a primary y - r a y  standard at an energy  
as c lose  as p o s s ib le  to one o f  the peaks in the ’ unknown’ spec tra .  In  both  
cases th is  was a s t ra igh t fo rw a rd  m atter; the 136.33  keV 57Co va lue  be ing  
used fo r  the 136.0  keV 75Se peak and the 121.9 7 keV 57'Co va lue  co inc id ing
-  77 -
Table  (3 .1 ) : E f f ic ie n c y  d ata ; v a lu es obta ined  u s in g  standard  gamma-ray sources
^ S in m  s o u r c e - d e t e c t o r  d i s t a n c e  
( s t a n d a r d  g e o m e t r y )
'L52mm s o u r c e - d e t e c t o r  d i s t a n c e  
( I C I S  c y c l i c  a r r a n g e m e n t )
S o u r c e
E
A b s o l  
i n  t e n
u t e
s i t y
H a l f - l i f e
A b s o
e f f i c i
.u te
Lency
A b s o  
e f f  i c
.u t e
Lency
I s o t o p e s ( k e V ) Z a .  I  
m t A " r } % " a c t *
0 % 
s t a t " f i t *
( x l O - 1*) c  Z 
t o t
o % 
s t a t " f i t * ( x l O ? " t o t *
S '+Mn 5 . 4 7 ( K a + B ) 2 5 . 0 C 0 . 8 3 1 2 . 5 d c 0 . 2 3 . 7 0 . 7 4 . 6 4 . 9 8 6 . 0 - - - -
5?Co 6 . 4 6 (K a + g ) 5 5 . 3 C 2 . 7 2 7 0 d c 0 . 7 4 . 4 0 . 7 4 . 1 1 0 .1 6 . 7 - - - -
1 4 . 3 9 9 . 5 ° 2 . 1 0 . 8 0 . 9 3 4 . 4 5 . 1 3 1 . 4 1 8 .3 0 . 2 9 4 3 7 . 3
1 2 1 .9 7 8 5 . 6 C 3 . 5 0 . 3 0 . 3 2 3 . 5 5 . 7 0 . 3 0 . 4 1 6 .9 9 . 0
1 3 6 .3 3 1 0 . 7 5 c 2 . 8 0 . 9 0 . 1 1 8 . 1 5 . 4 1 . 1 0 . 8 1 3 .1 8 . 8
88y 6 3 . 4 0 ° 0 . 5 1 0 7 d c 0 . 9 5 . 0 0 . 2 0 . 5 3 2 . 2 5 . 2 1 . 3 1 . 8 0 . 3 9 9 8 . 8
133B a 5 3 . 1 4 2 . 2 1 d 1 . 8 1 0 . 7 y e 0 . 9 4 . 8 0 . 6 0 . 4 5 6 . 6 5 . 3 0 . 8 0 . 7 3 8 . 3 8 . 7
7 9 .6 5 2 . 5 4 d 4 . 7 0 . 7 3 .9 4 2 . 8 7 . 9 0 . 8 2 . 0 3 3 . 8 9 . 9
8 1 . 0 3 3 4 . 3 1 d 4 . 8 0 . 2 0 . 8 4 2 .9 6 . 9 0 . 2 0 . 5 3 0 . 4 9 . 8
1 6 0 .6 3 0 .  72d 4 . 2 4 . 1 1 . 2 1 0 .6 7 . 8 4 . 7 2 . 4 8 . 1 3 1 0 . 8
2 2 3 . 1 6 0 . 4 5 d 4 . 4 6 . 9 3 . 9 5 . 3 8 1 0 . 3 8 . 0 l 4 . 4 4 .4 9 1 3 .2
2 7 6 . 4 1 7 . 3 3 d 3 . 5 1 . 2 0 . 9 3 . 1 1 6 . 2 1 . 4 1 . 1 2 . 3 3 9 . 4
3 0 2 .8 7 1 8 . 4 0 d 3 . 5 0 . 8 0 . 6 2 . 5 8 6 . 1 0 . 9 0 . 2 1 .8 9 9 . 2
3 5 6 . 0 3 6 2 . 2 7 d 2 . 7 0 . 5 0 . 4 1 .7 5 5 . 6 0 . 6 0 . 7 1 . 2 8 9 . 0
3 8 3 . 8 7 8 . 8 1 d 2 . 8 1 . 5 1 . 2 1 .5 5 6 . 0 1 . 7 1 . 4 1 . 1 1 9 . 2
137Cs 3 2 . 1 ( K  )  
a
5 . 6 7 c 3 . 2 3 0 . 0 y c 1 . 7 3 . 7 0 . 4 2 . 3 5 4 , 0 5 . 7 0 . 7 - 2 5 . 8 8 . 7
3 6 . 5 ( K )
p
1 . 3 4 5 c 3 .6 1 . 0 3 . 0 5 5 . 5 6 . 3 1 . 3 2 . 8 3 2 . 0 9 . 3
20 3Hg 7 2 . 8 7 ( K  )  
a
9 .  7 7 c 5 . 1 4 6 . 5 9 d ° 1 . 1 3 . 0 0 . 1 1 . 4 4 7 .9 6 . 2 0 . 3 1 . 4 3 2 . 2 9 . 3
8 2 . 5 ( K g ) 2 . 7 3 ° 7 . 3 1 .6 8 . 0 4 0 . 0 1 1 .4 0 . 8 - 2 8 . 4 1 0 .6
2 7 9 .1 9 8 1 . 5 5 ° 1 . 8 0 . 3 0 . 1 3 . 2 0 3 . 7 0 . 4 0 . 4 2 . 2 6 7 .9
1 1 . 9 ( L ^ ) 0 . 8 6 a 3 . 5 4 3 3 y ° 0 . 5 5 . 0 3 . 0 - 2 0 .9 7 . 6 - - - -
1 3 . 9 ( L a ) 1 3 . 5 ° 2 . 2 2 . 0 3 . 5 3 1 .5 6 . 8 6 . 6 3 . 5 0 . 2 1 1 1 1 .6
1 7 . 8 ( L g ) 2 1 . 0 ° 1 . 9 2 0 . 0 6 . 5 3 2 . 4 2 1 . 7 0 . 8 3 . 8 2 . 2 1 9 . 6
2 0 . 8 ( L  )
r
5 . 0 ° 2 . 0 7 . 3 8 . 0 3 2 . 4 1 2 . 1 1 . 0 - 6 . 6 4 8 .9
2 6 . 4 2 . 5 ° 8 . 0 0 . 4 5 . 5 4 5 . 2 1 1 . 0 0 . 7 0 . 7 1 6 . 7 1 1 . 8
5 9 . 5 4 3 5 . 9 ° 1 . 7 1 . 0 1 . 0 5 3 . 0 5 . 5 0 . 1 0 . 3 3 5 .9 8 . 7
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T a b l e  ( 3 . 2 )  : E f f i c i e n c y  d a t a ;  v a l u e s  o b t a i n e d  u s i n g  7 5 S e  a n d  1 5 2 E u
Source E
Relati
intens
Lve
>ity
Absol  
e f f i c i
ute
ency
Isotope (keV) % m t a s t a t % o f i t % (x l0 ~ 4) a % tot
75Se 66.1 1 . 82b 4 .8 3,5 2.1 57 ,3 8 .3
96 .7 5 . 8b 5 .1 2.2 1 .3 37 .1 7.9
121.1 29 . 2b 3 .0 0 .9 0 .5 24 .0 6 .3
136.0 100.b 3 ,0 0 .5 0 .4 18.1 6.2
198.6 2 . 48b 3 .2 8 .5 4 .3 7.49 11.4
264.7 98 .b 3 .0 1.1 0.6 3.66 6 .3
279.5 4 1 . 6b 3.1 1.8 1.3 3.20 6.6
400.6
00 •1.6 4.2 3 .1 1.43 7.7
152Eu 121.8 141. b 2.8 0 .3 0 .3 23.5 6 .4
244.7 36 . 6b 3 .0 0.8 0.8 4 .58 6 .5
344.3 127. 2b 1.0 0.6 0.6 2.03 5.9
411.1 10 . 71b 1.0 5 .0 5 .0 1.20 9 .1
References fo r  Tables ( 3 . 1) and ( 3 . 2) :
a Campbell and Mc N e l le s  ( 1975) 
b Gehrke et a l .  ( 1977) 
c Hansen et a l .  ( 1973) 
d Thein ( 1977) 
e Zobel e t  a l .  ( 1977)
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with  the 121.8  keV 152Eu peak. The photopeak energ ies  o f  the standards  
and ’ unknowns' corresponded so c lo se ly  that in te rp o la t io n  between two 
standards was considered unnecessary. Each source was counted in  the 
same reproduc ib le  geometry. This was ensured by the use o f  a s p e c ia l ly  
designed perspex c y l in d r ic a l  arrangement which f i t t e d  over the d etec to r ,  
in to  which standard sources could be s lo t t e d .  A l l  standards approximated 
poin t sources , each be ing  v 1 mm in diameter; 75Se was the only exception ,  
although e r ro rs  due to th is  f a c t  were not n o t iceab le  in  the r e s u l t s .
The o v e ra l l  e r ro rs  (a %) assigned to each e f f i c ie n c y  measurementtot
were estimated in the fo l lo w in g  manner:
i
c = [a? + a 2 + a2 + o f .  +  a 2 + a 2 ] ( 3 , 2)
t o t  m t  T i  a c t  f i t  s t a t  p o s
2
where a £n t^ = e r ro r  a ssoc iated  w ith  photon in ten s ity  va lue
o Z = e r ro r  assoc iated  w ith  h a L f - l i fe  o f  source
° a c t % = e r ro r  assigned to a c t i v i t y  c a l ib ra t io n  o f  source
= peak f i t t i n g  e r ro r  supp lied  by the SAMPO code
a . J 7c = s t a t i s t i c a l  e r ro r  in peak area (Po isson )  s ta t  r
/S-*-2B , 100 „= —  x —~  % where S = peak a rea  and
B = background underly ing peak
a 7c -  estimated e r ro r  in  p o s it io n in g  o f source,  pos
These components which contribute  to the to ta l  uncerta inty  in  the e f f i c ie n c y  
c a l ib ra t io n  are a lso  included in Tables ( 3 . 1) and ( 3 . 2 ) .
The p o s it io n in g  e r ro r  was estimated on a 203Hg source, which was 
removed and replaced between each o f 6 r e p l ic a te  measurements. The e r ro r  
was c a lcu la ted ,  fo r  any p a i r  o f  r e p l ic a te  measurements, on the b a s i s :
1 2 100 To2 + o 2 . + o2 + cr2 + o2 1 (3  3!
•(S +'g- y y 2 x ~ y  ~ l f i t  2 f i t  I s t a t  2 s t a t  pos
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where the subsc r ip ts  1 and 2 r e fe r  to values be fo re  and a f t e r  rep o s i ­
t ion ing  o f  the source. The r e s u l t  o f  th is  c a lc u la t io n  y ie lded
a = 0.6%. 
pos
Those e rro rs  a ssoc iated  with the 73Se and 182Eu e f f i c ie n c y  values  
are l a r g e r  due to the uncerta inty  introduced by ’p in n in g1 the r e la t i v e  
va lu es .  Thus in  each case a tot; o f the re levant  57Co e f f ic ie n c y  po in t  has 
been added in quadrature to the e r ro r  estim ate .
I t  i s  e s s e n t ia l ,  in e f f i c ie n c y  c a l ib ra t io n s  performed using standard  
y -ray  sources , to reduce the e f f e c t s  o f  coincidence summing to an acceptably  
low l e v e l ,  e i th e r  by choosing a s u f f i c i e n t l y  la rge  sou rce -de tec to r  d istance  
or by mathematical co rrec t ion  (Gehrke et  a l . ,  1977) ,  a procedure which is  
complex f o r  a l l  but the s im plest decay schemes. P o s s ib le  e rro rs  due to
coincidence summing were checked f o r  using the e f f i c ie n c y  re su lt s  obtained
from * 33Ba, The decay scheme o f th is  isotope is  such that the gamma rays 
are emitted in  cascade and thus summing in the detector i s  p a r t i c u la r ly  
l i k e ly  to occur. Upon inspection  o f the e f f ic ie n c y  data obtained using  
133Ba, no anomalous re su lt s  are apparent, in d ic a t in g  that any sum-coincidence  
e f f e c t s  are  masked by other un ce rta in t ie s  in  the c a l ib r a t io n  o f  the detec to r .  
This d e tec to r ,  having only a small s e n s it iv e  volume (1  cm3) compared w ith  a 
ty p ica l  G e (L i )  detector (n, 50 cm3) permits a much shorter  sou rce -de tec to r  
distance 45 mm as compared with 100-150 mm ty p ic a l ly )  w ithout app rec iab le  
e rro rs  due to coincidence summing.
Since i t  was intended to use the LEPD in  conjunction w ith  c y c l ic  
a c t iv a t io n ,  the complete e f f i c ie n c y  c a l ib r a t io n  was repeated, w ith  the 
exception  o f  the 75Se and 152Eu measurements, w ith  a simulated ICIS c y c l ic  
arrangement forming the b a s is  o f  the geometry. A section  of the ICIS
aluminium t ra n s fe r  p ipe was p laced  on top o f  the detector  and the standard
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y -ray  sources , doubly contained in  polyethylene capsules as i f  to be 
i r r a d ia t e d ,  were counted s e q u en t ia l ly  in s ide  the p ip e .  The source-  
detector d istance fo r  these measurements was 'v, 52 mm and, in  the same 
manner as p re v io u s ly ,  OpOS was found th is  time to be 6 .9%. The e f f ic ie n c y  
c a l ib r a t io n  obtained in this way, and a lso  included in  Table ( 3 . 1) ,  
simulated the experimental conditions encountered when counting a sample 
during CNAA, exact ly  reporducing the absorb ing  e f f e c t s  o f  the polythene  
and aluminium surrounding the sample, although p o s it io n in g  e rro rs  would 
be expected to d i f f e r  depending on the sample under conside rat ion .
The two e f f i c ie n c y  curves are p lo t te d  in  F ig .  ( 3 . 7)  where i t  can be 
seen that absorb ing  e f f e c t s  o f  the i r r a d ia t io n  system become apprec iab le  
below 50 lceV, at which energy the detector is  a lso  most e f f i c i e n t .  There 
is  a d iscon t in u ity  in  the curve obtained without the ICIS pipe at 11,1  keV 
due to Ge K X -ray escape (Deme, 1971) .  The l a t t e r  curve does not extend 
down to th is  energy since the X -rays emitted with energ ies  < ^ 14 keV 
were almost t o t a l l y  absorbed in  the m ater ia ls  between source and detector .  
The curves connecting the measured po ints represent the b e s t  v i s u a l  f i t s  
and pass thrcugh a l l  the po ints ( i . e .  w ith in  the e r ro r  bars  which are only  
p lo t te d  in a few e s s e n t ia l  cases , to avoid confusion) w ith  the exception of  
one at 20 .8  keV due to 241Am. This energy corresponds to the Np-Ly X-ray  
which may be su b jec t  to unresolved in te r fe ren ces  s ince  th is  l in e  l i e s  in  
a complex part  o f  the spectrum, as can be seen from the 17 .8  and 26 .4  keV 
r e su lt s  which are a lso  su b jec t  to la rge  e r ro r s .
Although the e f f i c ie n c y  curves drawn in F ig . ( 3 . 7) rep resent a v i s u a l  
f i t ,  i t  is  o ften  necessary , fo r  example in abso lute  a c t iv a t io n  ana lys is  
(§ 1 .6 ) ,  to f i t  the measured data po ints with an a n a ly t ic  function  o f  some 
form, thus enab ling  the e f f i c ie n c y  at any requ ired  energy to be simply  
c a lcu la ted .  This technique has the advantage over logar ithm ic  in te rpo ­
la t io n  (the  standard sim pler a l t e rn a t iv e )  that e f f i c ie n c y  va lues  can be
100
Incident Photon Energy (keV)
F ig .  ( 3 . 7) : Absolute e f f i c ie n c y  o f  Ge detector  as a 
function  o f  incident photon energy, fo r  
two sou rce -de tec to r  geometries.
r e l i a b l y  ca lcu la ted  without be ing  s t ron g ly  in fluenced  by in d iv id u a l  
measurements w ith  la rge  u n c e r ta in t ie s ,  and futher that anomalous data  
points may be h igh l igh ted  f o r  sp e c ia l  a ttention .
Several an a ly t ic  and sem i-em pirica l functions have been proposed  
(G a llagh er  and C ip o l la ,  1974 ; Singh, 1976 ; Campbell e t  a l . ,  1977) spec i­
f i c a l l y  fo r  the parametric rep resen ta t ion  o f LEPD e f f i c ie n c y  curves and 
in some cases have proved h igh ly  s a t i s fa c to ry  fo r  th is  purpose. However, 
with absolute ac t iv a t ion  an a ly s is  in mind, i t  was decided to t e s t  the 
s u i t a b i l i t y  o f  the function a v a i la b le  in  the SAMPO program fo r  representing
the e f f ic ie n c y  curves shown in  F ig .  ( 3 . 7) .  This function  has been 
demonstrated (Egan, 1977) to be id e a l  f o r  G e (L i )  detector e f f ic ie n c y  
data in the energy reg ion  53-4071  keV and has the advantage over many 
other functions o f  be ing s p e c i f i e d  by only 4 parameters. The function  
i s  of the form:
e = a [E e + Ye6E] ( 3 . 4)
where the parameters a ,  3, Y and 6 are determined by an i t e r a t iv e  x2 
minimisation in the EFFITDO rou t in e . Table ( 3 . 3) shows the re su lt s  o f  f i t t i n g  
th is  function  to the measured data , i n i t i a l l y  over the complete energy range
Table ( 3 . 3) : Results o f  f i t t i n g  SAMPO e f f ic ie n c y  function  to experimental 
data.
Source-detector d istance  
(mm)
Energy in t e rv a l  
(keV)
X2
(SAMPO)
Degrees o f  freedom
.45 11.9 - 411.1 3 .8 26
45 11.9  - 136.3 15. 14
45 53 . 14- 411.1 0 .08 20
52 13.9  - 383.9 3.5 17
52 13.9  - 136.3 0.65 11
52 5 3 . 14- 383.9 0 .04 9
and a lso  over truncated energy in t e r v a l s .  The 'goodness o f  f i t '  is  
ind icated  by the x2 va lue  supp lied  by the EFFITDO rou tin e , where the SAMPO
d e f in i t io n  o f  x2 is  the summation over a l l  f i t t e d  points o f  the terms
[ ( d a t a - f i t ) / d a t a ] 2 . I t  can be seen that the function  f a i l s  to perform a 
s a t is fa c to ry  f i t  on the lowest energy data o f  both curves, but when the
truncated energy in t e rv a l  above 53.14  keV i s  employed, an ex ce l le n t  f i t  is
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obtained. Thus, in  conclusion , the SAMPO a n a ly t ic  e f f i c ie n c y  function  
i s  s u i t a b le  f o r  use in conjunction w ith  a LEPD in  the energy region above 
a. 50 keV and, together w ith  the IDENT routine  enables abso lute  ac t iv a t ion  
an a ly s is  c a lcu la t ion s  to be performed on detected y -ray  peaks (X -ray  data  
have not yet  been included in  the IDENT l i b r a r y ) .
3 .4  Se lec t ion  and Preparation  o f Standards
Since the work on the LEPD in  conjunction w ith  c y c l ic  a c t iv a t ion  
took the form o f a f e a s i b i l i t y  study, a number o f  standards were prepared  
of those elements considered o f p o te n t ia l  use a n a ly t ic a l l y .  Ana lysis  o f  
these standards was intended to e s t a b l i s h  elemental s e n s i t i v i t i e s  and thus 
enable a c r i t i c a l  eva luation  o f  the technique. Elements were chosen 
according to the c r i t e r i a :  •
1) The existence of a s u i t a b ly  s h o r t - l i v e d  neutron a c t iv a t io n  product.
2) That X -rays or low energy y -ray s  (Ey < 250 keV) o f  s u f f i c i e n t  
in te n s ity  are emitted during decay of the isotope  produced.
3) That the nuclear parameters ( a ,  f )  are such that the isotope  is  
produced in  s u f f i c i e n t  q u an t it ie s  to g ive  a reasonab le  chance of  
d e tec t io n .
4) Subject to a v a i l a b i l i t y  o f the element and in  a su i t a b le  chemical 
form i . e .  not in  a form l ik e ly  to d is s o c ia te  during i r r a d ia t io n  or  
produce in t e r fe r in g  a c t iv a t io n  products .
A f i n a l  l i s t  o f 23 elements f u l f i l l i n g  most of these c r i t e r i a  was compiled 
Sc, Co, Ge, Se, Mo, Rh, Ag, In ,  Sn, Sb, C s , Ba, Sm, Eu, Gd, Dy, H f, W, I r ,  
P t ,  Au, Hg and Pb. The m ajo rity  o f  these elements were a v a i la b le  as
-  85 -
standard ' Specpure’ so lu t ions  prepared by Johnson and Matthey in  
concentrations o f  1 g/100 ml which were simply d i lu ted  to the requ ired  
concentrations by m ic rop ipett ing  the stock so lutions in to  volumetric  
f la sk s  and making up to the co rrec t  volume with doubly de - ion ised  
d i s t i l l e d  w ater , Standard so lu t ion s  fo r  Ge, Rh, Sn and Pb were not 
a v a i la b le  in  this form and had to be s p e c ia l ly  prepared, Rh and Pb 
so lu tions were obtained by d is s o lv in g  accurate ly  weighed qu an t it ie s  of  
chloropentammine rhodium su lphate  ( [ C l  Rh(NH3)gJSO^) and lead acetate  
( (CHgCOD)2P b . 3H20 ) r e sp e c t iv e ly  in  dem ineralised water. The Ge standard  
so lu t ion  was prepared from the oxide (Ge 02) which, be ing  in so lu b le  in  
water , required  b o i l in g  f o r  a, 1 hr. in  a saturated  so lu t io n  o f  sodium 
hydroxide to d isso lve  whereupon i t  was fu rth er  d i lu ted  using  dem ineralised  
water . The Sn standards requ ired  s u f f i c i e n t l y  la rge  weights o f  the element 
that the powdered metal was used.
Since, in  gen era l ,  the quantity  o f each element requ ired  f o r  i r r a d ia t io n  
lay in the range 0.1 Pg-1 mg, the standard stock so lu t ions  were d i lu te d  to 
ty p ic a l  concentrations o f  2 pg/0.1 ml from which the des ired  q u an t it ie s  were 
micropipetted onto Whatman 1 ( 1.3  cm diam.) f i l t e r  d iscs  p laced  in s id e  c lean  
polythene i r r a d ia t io n  capsu les . These were placed in  an oven at 50 °C and 
evaporated to dryness g en e ra l ly  w ith in  ^ 5 h rs .  F in a l ly ,  p r io r  to i r r a d i a t io n ,  
these standards were sea led  in  c lean  polythene outer containers together with  
polythene spacers to prevent movement during cyc ling  and maintain a constant  
counting geometry.
In add it ion  to the elemental standards, a v a r ie ty  o f  c e r t i f i e d ,  m u lt i -  
elemental standard m ater ia ls  rep resenting  a number o f  d i f f e r e n t  c la sse s  o f  
b io lo g i c a l  and environmental matrices were prepared fo r  i r r a d ia t io n ,  doubly  
contained in polythene, as above. These included IAEA Calcined Bone 
(80  mg), IAEA Animal Blood (200  m g ), IAEA Animal Muscle (200  m g ), NBS Bovine
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L iv e r  (300 mg), NBS Orchard Leaves (300 mg) and Bowen’ s Kale (300  mg), 
the weights fo l low in g  each m ate r ia l  in d ic a t in g  the s iz e  o f  sample to be 
i r r a d ia t e d .  Furthermore, a s e r ie s  o f  c lean  M i l l ip o re  47 mm diameter f i l t e r  
membranes were a lso  included w ith  the standards, in  p reparation  fo r  the a i r  
p o l lu t io n  study described  in  Chapter 4 . Blanks, i . e .  c lean , empty polythene  
i r r a d ia t io n  capsu les , completed the l i s t  o f  m ater ia ls  to be i r r a d ia t e d .
3 .5  C yc lic  A c t iva t ion  Timing Parameters
In  deciding upon the timing parameters to be used fo r  the c y c l ic  
act iv a t ion  ana lys is  o f  the prepared standards, two a lt e rn a t iv e s  were 
a v a i l a b le :  e ith e r  to u t i l i s e  the proceducere outlined  in  §2 . 4 .4  and optimise  
the parameters fo r  each in d iv id u a l  isotope  expected to be p resent,  o r ,  to 
choose a set o f  parameters which would be su ita b le  (a lthough  not optimum) 
f o r  the m ajority  o f  cases. As w i l l  be shown, the detector response f o r  a 
given  h a l f - l i f e  of in te re s t  is  not s t ron g ly  in fluenced  by small changes in  
the timing parameters ( e . g .  F ig .  ( 2 . 5 ) ) ,  or ra th e r ,  fo r  the purposes o f  th is  
d iscuss ion , the detector response f o r  a p a r t ic u la r  c y c l ic  timing sequence 
i s  in se n s it iv e  to changes in  the h a l f - l i f e  to be measured. For th is  reason, 
and fo r  the sake o f  s im p l ic i ty ,  the second a lt e rn a t iv e  was chosen and a 
s in g le  set  o f  i r r a d ia t io n  conditions were used throughout the study; these are  
shown in F ig .  ( 3 . 8) and con sis t  o f  a standard c y c l ic  a c t iv a t ion  sequence of  
312s duration  modified by an ad d it ion a l  300s ’ conventiona l ' count w ith  the 
sample s ta t ion ary  at the counting p o s i t io n ,  10s a f t e r  the end o f the l a s t  
cycle  p e r iod ,  r e su lt in g  in  a to ta l  experiment time per sample o f  622s.
The cyc lic  timing parameters were chosen as be ing  optimum fo r  an
isotope such as 77Sem(x 1 = 17 . 5s ) ,  which isotope is  o f  p a r t ic u la r  in t e r e s t .
2
The ad d it ion a l  count in  the 'co n ve n t io n a l '  mode was included in  order to
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F ig .  ( 3 . 8) : Timing parameters f o r  the c y c l ic  sequence and the
conventional counting mode.
obtain  b e t te r  detection  l im its  fo r  the longer l iv e d  isotopes ( i . e .  t/ > 1 min)
2
which may a lso  be produced during the c y c l ic  i r r a d ia t io n s .
The procedure adopted during the experiments was to record on magnetic  
tape the 1000 channel spectrum accumulated by the Laben 4000 channel MCA 
at the end o f each c y c l ic  counting pe r iod  and erase  the memory ready fo r  
the next. The 10s pause be fo re  the conventional count was s u f f i c i e n t  to 
permit changing o f  the p rese t  counting time of the ana ly se r .  Spectra were 
recorded on a cycle  by cycle b a s is  to enable  accurate dead-time corrections  
(d iscussed  in  §6 . 2 . 3) to be made, w ith  the r e s u l t  that 13 spectra  (12  c yc lic  
+ 1 conventional) were obtained fo r  each 10 min. experiment. The cumulative 
detector response (D ) f o r  the c y c l ic  experiment is  given by E q . ( 2 . 7) ,  and, 
using the same nota t ion , the number o f  n u c le i ,  if, a c t iv a ted  during a c y c l ic  
i r r a d ia t io n  o f n cyc les and remaining at the end of the l a s t  cycle sequence 
(obta ined  from E q . ( 2 . 5 ) )  i s :
-A t .
JSP =  - ~  ( 1  -  e  )
,  -nAT 1-e
n - A T  
1-e
( 3 . 5)
I f  then there fo l low s  a w a it in g  per iod  t and a counting per iod  t ,
W3 C°n
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t h e  d e t e c t o r  r e s p o n s e  i s :
Dcon
con
) ( 3 . 6 )
I t  i s  a lso  p o s s ib le  to define  the detector  response r a t i o  between the
cy c l ic  and conventional counting as:
D
r eye ( 3 . 7)Dcon
By incorporating  Eq. ( 3 . 6) in to  the CYCLOPS program, i t  was p o s s ib le  
to c a lcu la te  the detector response ( f o r  the case NRel = 1) as a function  
of is o to p ic  h a l f - l i f e  fo r  the i r r a d ia t io n  conditions s p e c i f ie d  in  F ig .  ( 3 . 8 ) .
shown in  F ig . ( 3 . 9 ) .  I t  can be seen from the behaviour o f  D , that the
eye
c y c l ic  timing parameters are id e a l  fo r  the measurement o f  isotopes with  
h a l f - l i v e s  in  the range 6- 60s ,  the detector response vary ing  by only a 
few percent in th is  reg ion ,  as mentioned a t  the beginning o f th is  sec t ion .
I t  must a lso  be evident from F ig .  ( 3 . 9 ) that under the conditions chosen 
the detector  response w i l l  be h igher f o r  isotopes w ith  h a l f - l i v e s  o f  le ss  
than 80s in  the cyc ling  phase, w h i ls t  those w ith  longer h a l f - l i v e s  w i l l  be 
b e t te r  detected in the second conventional counting phase o f  the experiment.
I f  the cycle number is  doubled from 12 to 24 as w e l l  as the conventional  
counting per iod , the detec to r  response w i l l  a lso  approximately double fo r  a 
number o f  isotopes (see  F ig .  ( 3 . 10) ,  i r r a d ia t io n  conditions A and B) , however 
th is  is  achieved at the expense o f time and of a broader maximum fo r  the D
curve. In other words, whereas i t  i s  d e s ira b le  fo r  the c y c l ic  conditions  
to be su i t a b le  fo r  T] < o, 1 min, a wider range o f  h a l f - l i v e s  are now
The three curves obtained , corresponding to D , D and the r a t io  r ,  areeye* con *
eye
2
-  yu -
F ig .  (3 .9 )
Tl (s)
F ig .  ( 3 . 10) : Comparison o f  response with  h a l f - l i f e  f o r  c y c l ic  a c t iv a t ion  
and conventional counting when the number o f cycles is  
doubled ( t o t a l  experiment time d o u b le d ) .
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encompassed, the technique thus lo s in g  s p e c i f i c i t y  as w e l l  as increas ing  
the background m atrix  which is  a l l  important in  the p rec ise  determination  
o f the concentration o f  an iso tope . Thus, choice o f  the c y c l ic  timing 
parameters enables the experimenter to ’ tu n e - in ’ to a range of h a l f - l i v e s ,  
the width o f  that range be ing  determined by the to t a l  experiment time.
In F ig .  ( 3 , 11) ,  the cumulative spectra  from the f i r s t  4 , 8 and 12 cycles  
in  the ana lys is  o f  300 mg o f  NBS Orchard Leaves are shown, in d ica t in g  the 
growth o f the photopeaks. I t  must be noted that the ra te  o f  growth of each
peak v a r ie s  and depends on the h a l f - l i f e  o f  the iso to p e .  This suggests
another fa c e t  o f  c y c l ic  a c t iv a t io n  -  the best  detection  l im it  fo r  a p a r t ic u la r  
iso tope ,  which has not been in d iv id u a l ly  considered f o r  optimum cyc ling  
conditions may occur at one o f  the intermediate cumulative stages and not 
n ec es sa r i ly  at the f i n a l  t o t a l  cumulative spectrum. Recording o f the s in g le  
spectrum a f t e r  each cycle  is  there fore  important, not only fo r  dead-time  
c o rrec t ion ,  but a lso  in a llow ing  in spection  o f  the sp ec tra ,  when these are
added together, to p ick -ou t  such cases.
3.6 Results
The cumulative c y c l ic  and the conventional spectra  obtained fo r  each 
elemental standard, standard b i o lo g i c a l  m ater ia l  and blank were analysed  
using the SAMPO program, adding together o f  the in d iv id u a l  c y c l ic  spectra  
together with dead-time correc t ion  be ing  a lo c a l  m od if icat ion  o f  the DATAIN 
rou t ine . Unexpectedly high impurity le v e ls  were found in  the blank polythene  
conta iners , a t t r ib u ta b le  mainly to Br and to a le s s e r  ex ten t ,  Sb (detected  
through the isotopes 79Brm, 80Brm, 82Brm and 122Sbm) together with much lower 
le v e ls  o f  Co and S e . Table ( 3 . 4) summarises the p r in c ip a l  reactions  
observed in  the standards together with the detector response, expressed in 
un its  o f  counts.yg- 1 , fo r  both the c y c l ic  and conventional ana lys is  modes,
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Table ( 3 . 4) : LEPD response to ’ c y c l i c '  and 'conven tion a l '  an a ly s is  of  
elemental standards.
Element
P r in c ip a l  
Reaction Observed
Se lected  
photon energy 
(keV)
Isotope
h a l f - l i f e 3
( s )
De tec ten 
' C y c l ic '  
(counts, jig- 1 )
c  response
1 Conventional ' 
(counts .pg - 1 )
Sc 45S c (n ,y )Lf6Scm 142.5 20 . 54000 . 6100 .
Co 59C o (n ,y )6 °Com 58,5 630 . 2000. 5400 .
Ge 74G e (n ,y )7^Gem 139 .8 48. 150. 72.
Se 76S e (n ,y )77Sem 161.6 17.5 4600 . 450 .
Mo 100Mo(n ,y ) 10 •’■Mo 192.0 876 . 18 . 66 .
Rh 103R h (n ,y )104Rhin 51.4 265 . 33000 . 60000 .
Ag 107A g (n , y )108Ag Pd-Ka 145. 570 . 880.
In 115I n ( n , y ) 116Inm2 In-Ka 2.16 75000. -
115I n ( n , y ) 116Inml 138.3 3240 . -- 7500,
Sn 122S n (n ,y )123Snm 160.2 1.5 1.5 5 .0
Sb 121Sb ( n , y ) 122Sbm 60.7 2520 . 420 . 860 .
Cs 1 33Cs ( n , y ) 1 3<+Csm Cs-Ka1 10440 . 9 7 . 420 .
Ba 138B a (n ,y ) 1 39Ba 165.8 4974 . 5.2 18 .
Sm * 84Sm (n ,y )155Sm Eu-Ka ^ 1380 . - 8900.
Eu 18-’Eu (n ,y ) ■’■82Euml 121.8 33480 . - 8300.
Gd 160G d (n ,y )161Gd Tb-Kaj 222. 570 . 1200.
Dy 164D y (n ,y )185Dyml Dy-Ka. 75.6 160000. 130000.
Hf 178H f ( n , y ) 179Hfm Hf-Kaj 18.6 84000. 11000.
W 182W ( n , y ) 183Wm W -K a : 5 .3 1000. -
186W ( n , y ) 187W 72.0 86040.
t
88.
I r 191I r ( n , y ) 192I r ml 56 .8 85.2 600 . 590 .
Pt 198P t ( n , y ) 199Pt Au-Ka^ 1860. 7.0 19 .
Au 197A u (n ,n ' ) 197Aum Au-Ka ^ 7.2 240 . -
Hg 196H g (n ,y )197Hg Au-Ka j 234000 . - 41 .
Pb 206P b (n ,y )207Pbm Pb-Kaj 0.8 0 .38 -
R e f e r e n c e :  a  W a k a t ,  ( 1971 )
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Isotope id e n t i f i c a t io n  was f a c i l i t a t e d  by a number of compilations  
of gamma-ray energ ies (Walcat, 1971 , L is  e t  a l . ,  1975) and X -ray energies  
(V a lkov ic ,  1975) e sp e c ia l ly  i n  the low energy region  (de Bruin and 
Korthoven, 1972) and f o r  s h o r t - l i v e d  isotopes (Bode e t  a l . , 1975) .
O ccas iona lly ,  the isotope detected may have been produced by a 
number o f  competing re ac t io n s ,  e .g .  207pbra from 208P b (n ,y )  or 207P b (n ,n ’ ) 
or 208P b (n ,2n) , in  which case only the (n ,y )  reaction  has been included  
in the ta b le .  Furthermore, a number o f  elements were detectab le  through 
more than one iso tope , e . g .  Se through 77Sem and 79Sem as w e l l  as the Se 
K X-rays from the IT decay o f  both iso to pe s ;  those isotopes l i s t e d  in  
T ab le  ( 3 . 4) represent the most s e n s it iv e  means o f detecting  each p a r t i c u la r  
element considered. For th is reason, In and W are detectab le  by two 
d i f f e r e n t  isotopes depending on whether the c y c l ic  or conventional mode 
of ana lys is  is  employed.
The element Sn, Pt and Hg were more e a s i ly  determined by th e i r  lo n ge r -  
l iv e d  products , even under the i r r a d ia t io n  conditions d escr ibed , than by 
th e i r  s h o r t - l i v e d  counterparts , namely 125Snm( 9 . 5m in ), 199Ptm( 14 . I s )  and 
285Hg (5 .5min). 207Pbm i s  a prime example o f  an isotope f o r  which the c y c l ic  
i r r a d ia t io n  conditions have not been optimised; by shortening the cyc le  period  
to 5s ,  fo r  the same to ta l  experiment time the detector  response i s  increased  
by a fa c to r  o f  4 . 6 . B r , although e a s i ly  detectab le  through 79Brm( 4 . 8s )  and 
80Brm( 4 . 4h) has not been included in Table ( 3 . 4) due to the la r g e ,  non-uniform  
le v e ls  o f  th is  element present in the blank preventing  the use o f  a standard  
with  any r e l i a b i l i t y .
The blank polythene containers and the standard re fe rence  m ater ia ls  
were i r r a d ia t e d  under id e n t ic a l  conditions to the elemental standards. F ig .  
( 3 , 12) shows the spectra  obtained from 300 mg o f  NBS Orchard Leaves, the
w h e r e  a p p r o p r i a t e .
GiNflUJ
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NBS ORCHARD LEAVES (300MG)
P e a k I s o t o p e E n e r g y  ( k e V ) P e a k I s o t o p e E n e r g y  ( k e V )
1 S b  Ka 2 6 . 3 10 H f  K6 l 6 3 . 2
2 S b  f e 2 9 . 7 11 122s b m 7 6 .3
3 B0b j .hi 3 7 . 0 12 1 6 5j}yin 1 0 8 .2
4 o y  f e 4 5 . 2 13 A6S c m 1 4 2 .5
5 ° y  f e  + 82B r ,n 4 6 . 0 14 77S e m 1 6 1 .9
6 Dy f e 5 2 .1 15 27Mg 1 7 0 . 0
7 H f  Ka2 5 4 . 6 16 190 1 9 7 .4
8 H f  f e 5 5 . 8 17 7 9 B rm 2 0 8 .0
9 122S b m 6 1 . 6 18 179Hfm 2 1 4 .3
?a 17
U i j!07
50
F ig .  ( 3 . 11)
ir
V j*tf I
m
100 150 200 250
ENERGY ( k e V )
spectra fo r the f i r s t  4 ,8, and 12, cycles in  the
NBS Orchard Leaves in a polyethylene con ta in e r .
NBS ORCHARD LEAVES (300MG)
P e a k I s o t o p e E n e r g y  f k e V ) P e a k  I s o t o p e E n e r g y  ( k e V )
1 S b  Ka 2 6 . 3 11 H f  fe 6 3 . 2
2 S b  Kg^ 2 9 .7 12 239U ? 7 4 .7
3 80Brin 3 7 . 0 13 122S b m 7 6 .3
4 Dy fe 4 5 . 2 24 16 5j)ym 1 0 8 .2
5 Dy fe  - e2B r n  4 6 . 0 15 ^ S c 1" 1 4 2 .5
6 Dy fe 5 2 .1 16 77S e ra 1 6 1 .9
7 H f  fe 5 4 . 6 17 27Mg 1 7 0 .0
8 H f  fe 5 5 . 8 18 190 1 9 7 .4
9 6 0Com 5 8 .5 19 79B r m 2 0 8 .0
10 122Sbro 6 1 . 6 20 179HfDi 2 1 4 .3
w,< [■ '"iw 
• ^ V .  |i )>+
13
J
'V L. fi,
Vs'*
W^ W l(
v'v+Vyfe
50 100 150 200
ENERGY ( k e V )
F ig . ( 3 . 12) : Comparison of cumulative c y c l ic  and conventional counting spectra  
fo r  NBS Orchard Leaves in  a polyethylene container.
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lower spectrum corresponding to the cumulative c y c l i c  response and the 
upper spectrum to the conventional count. The way in  which the two 
spectra  complement each other in  terms o f  isotopes detected may c le a r ly  be 
seen from th is  f i g u r e .  NBS Orchard Leaves was found to be p a r t i c u la r ly  
r ich  in  low energy peaks ( c f .  F ig .  ( 6 . 4 ) which shows the 0-4  MeV spectrum  
obtained by CNAA with  s l i g h t l y  d i f f e r e n t  timing param eters ) ,  not the case with  
the other standard m ater ia ls  as summarised in  Table ( 3 .5 ) ,  which l i s t  the 
elements detected in the 6 d i f f e r e n t  standard re fe rence  m ate r ia ls  and the 
counting mode by which they are be s t  detected. In nea r ly  a l l  cases , iso topes  
o f  0 , Br and Sb were detected , but these have been omitted from the tab le
v
since  they are  almost e n t i r e ly  a t t r ib u t a b le  to the 'b l a n k 1 .m atrix . In  those
instances where an element has been detected , Table ( 3 .5 ) p rovides an
estimate o f  the s t a t i s t i c a l ,  p re c is io n  in  determining the re sp ect ive  peak
area , S, as expressed by 100/S + 2B/S%, where B i s  the background underly ing
the peak. Elements were detected through the isotopes l i s t e d  in Table ( 3 . 4)
w ith  the add it ion  o f  Mg through 28M g (n ,y )27Mg ( t ,  = 570s ;  Ey = 170.8  k e V ) ,
2
I  through 127I ( n , y ) 128I  ( t i  = 2 5  min, Te-K X -rays ) and U through
2 Ot
238U (n , y )239U(T, = 23 .5  min, Ey = 74.7  k e V ) .
2
The detection  o f  I  in  the IAEA Animal Blood was e n t i r e ly  unexpected  
and the presence o f  128l  was th e re fo re  confirmed by an accurate photopeak  
energy c a l ib r a t io n  and a h a l f - l i f e  determ ination. The energy c a l i b r a t io n ,  
performed using  standard sources ,  y ie ld e d  a va lue  of 27 .4  ± 0 .1  keV, w h i l s t  
the h a l f - l i f e  o f  the iso tope ,  determined by counting each of 4 ac t iva ted  
samples 5 times s e q u e n t ia l ly ,  was found to be 28 .0  ± 3.5  min. These va lues  
compare w e l l  with the pub lished  va lues  o f  27.47  keV (V a lkov ic ,  1975) and
25.01 min (de Soete et  a l . ,  1972) f o r  128I .  The I  concentration  in  IAEA 
Animal Blood appears much h igher than would be expected in  mammalian blood  
which contains t y p ic a l ly  0 .06  yg/g (Bowen, 1974) ) ,  c e r t a in ly  g re a te r  than 
0 .2  yg/g ( I  was not detected in  NBS Orchard L ea v e s ) .
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Table ( 3 . 5)  : S t a t i s t i c a l  p rec is ion  o f  elements determinable in  
standard b io lo g i c a l  re fe rence  m a te r ia l s .
IAEA NBS IAEA NBS
E lemen t Mode IAEA Animal Bovine Animal Orchard Bowen’ s
Calcined Bone Blood L ive r Muscle Leaves Kale
Sample s iz e  (mg) 80 200 300 200 300 300
*
Mg Con ND ND ND ND 14% ND
Sc Cyc ND 15% ND ND 6% 21%
Co+ Con 39% 21% 21% ND 66% ND
Se+ Cyc 53% 11% 4% 13% 49% 42%
*
I Con ND 4% ND ND ND ND
Dy Cyc ND ND ND ND 4% ND
Hf Cyc ND ND ND ND 7% ND
*
U Con ND 15% ND ND 30% ND
Notes: Elements fo r  which standards were not prepared
ti.
Elements f o r  which blank contribut ion  has been subtracted  
ND -  Not detectd .
3 . 6 .1  Detection  l im its  in  standard m ater ia ls
Having e s ta b l ish ed  detector responses in terms o f  observed counts per  
un it  mass fo r  some 23 d i f f e r e n t  elements, the hand c a lc u la t io n  o f  detection  
l im its  in  the 8 d i f f e r e n t  m atrices in ves t ig a ted  would prove a long and 
tedious task . However, in spection  o f  F ig .  ( 3 . 12) shows the background 
continuum o f  each spectrum to be a smoothly changing curve, a fea tu re  common
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to spectra  from a l l  the m ater ia ls  in v e s t ig a te d .  This fa c t  enables the 
background counts as a function  o f  energy, b (E ) , to be descr ibed  by a 
polynomial express ion . Detection  l im it  estim ations r e ly  on the background,
B, underly ing  the photopeak o f in t e r e s t ;  th is  may be obtained from b (E )  i f  
the detector  r e so lu t io n ,  u su a l ly  expressed as a l in e a r  function  (FWHM(E)), 
is  known, since B is  defined  here as the background counts underly ing  a peak 
w ith in  the l im its  of FWTM (=  1.82  x FWHM, i f  a Gaussian peak shape i s  assumed). 
In §1 .7  the detection  l im it  was nominally defined  as 2v(B, which in  th is  
instance becomes:
2/B(E) = 2 / l . 82 x FWHM(E) x b (E )  ( 3 . 8)
f o r  any p a r t i c u la r  photopeak energy, E.
F ig .  ( 3 . 13) shows the background continuum, detector re so lu t io n  and 2/B 
counts w ith in  the energy reg ion  0-200  keV f o r  a sample o f  NBS Orchard Leaves.  
For computational purposes, a cubic expression  was found to be the lowest  
order polynomial which would s a t i s f a c t o r i l y  describe  b (E ) .  F i t t in g  o f  the 
cubic background function  and the l in e a r  re so lu t io n  function  to the 
experimental data was performed using  ’ FATAL’ (Salmon and Booker, 1972) ,  a 
genera l purpose computer program supp lied  by AERE Harw ell  and converted to 
run on the ULCC CDC6600 . This program provides weighted le a s t -sq u a re  f i t t i n g  
o f data to any des ired  function  which i s  supp lied  in  the form of a u se r -  
w rit ten  subroutine c a l le d  MYFUN. Data and in struct ion s  are entered in to  the 
program by a se r ie s  o f  statements which are recognised  by a f rae -fo rm at  
input subroutine , making the program simple to use and a lso  v e r s a t i l e .
Having obtained the parameters o f  the functions desc r ib in g  b (E )  and 
FWHM(E) by the use o f  ’ FATAL’ , another short  program was w r it ten  to perform  
the c a lc u la t io n  o f Eq. ( 3 . 8) and y i e ld  va lues of 2/B as a function  o f  energy
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as shown in  F ig .  ( 3 . 13) .  Combination o f  th is  data w ith  that o f  Table
(3 .4 ) ,  namely the elemental detec to r  responses in  un its  o f  counts. yg- 1 , 
enables the c a lc u la t io n  o f  detection  l im its  fo r  any o f  the elements l i s t e d  
in  yg/g o f  Orchard Leaves.
As p rev ious ly  s ta te d ,  e lemental s e n s i t i v i t i e s  f o r  th is  work are  
defined as the detection  l im it  o f a p a r t i c u la r  element in the b lank m atr ix ,  
which in  th is  case consis ts  o f  the polythene ’ r a b b i t ’ , an inner polythene  
container together with spacers ,  and a Whatman 1 f i l t e r  d is c .  F ig .  ( 3 . 14) 
shows the v a r ia t io n  in  2/B fo r  the b lank  as compared w ith  NBS Orchard Leaves 
fo r  both c y c l ic  and conventional counting modes. I t  was found f o r  a l l  
m ater ia ls  that the background o f  the c y c l ic  spectrum was lower than that o f  
the conventional one. From th is  data elemental s e n s i t i v i t i e s  were ca lcu la ted  
fo r  both counting modes and these are presented in Table ( 3 . 6 ) and represent  
an estimate o f  the minimum quantity  o f each element detec tab le  using the 
i r r a d ia t io n  system and timing conditions descr ibed .
F ig s .  ( 3 . 15) and ( 3 . 16) summarise the 2/B as a function  o f  energy data  
fo r  the 8 matrices in v es t ig a ted  by the c y c l ic  and conventional counting  
modes re sp e c t iv e ly .  The cubic fu n c t io n s ,  from which these curves were 
p lo t te d ,  were obtained again  using  ’ FATAL’ and in  each case 30 data po in ts  
over the energy range 0-200  keV were used f o r  f i t t i n g .  The data contained  
in these two f ig u re s  enables detection  l im its  to be ca lcu la ted  in  the same 
manner as the va lues in  Table ( 3 . 6) .  I t  should be noted that f o r  each of  
the standard re fe rence  m a te r ia ls ,  the sample mass has been standard ised  to 
200 mg.
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F ig .  ( 3 . 13) : V a r ia t io n  o f  spectrum background count, b ,  detector  
re so lu t ion  (FWHK), and 2/B with energy.
Energy (keV)
F ig .  ( 3 . 14) : Comparison of 2/B counts fibr NBS Orchard Leaves and blank  
in  c y c l ic  a c t iv a t io n  and conventional counting modes.
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Table ( 3 . 6 ) : Elemental s e n s i t i v i t i e s  obtained fo r  c y c l ic  ac t iv a t ion  
and conventional count modes using a low energy photon 
d e te c to r .
Element S e n s i t iv i t y  (yg )
C yc lic Conventional
Sc .0004 .005
Co .02 .008
Ge .1 .4
Se .004 .06
Mo 1. .4
Rh .0009 .0007
Ag .06 .06
In .0003 .004
Sn 13 . 6.
Sb .07 .05
Cs .4 .1
Ba 4 . 2 .
Sm .005
Eu .004
Gd .06 .04
Dy .0002 .0003
Hf | .0004 .004
W .03 .5
I r .05 .07
Pt 4 . 2 .
Au .1
Hg .9
Pb 70 .
3 .7  D iscussion  and Conclusion
The study has shown that a LEPD may be used to advantage in  conjunction
with c y c l ic  a c t iv a t io n j  although c a re fu l  se tt ing -up  o f  the spetroscopy  
system is  necessary in  order to take f u l l  advantage o f  the performance o f  
the equipment, since the a b i l i t y  to cope with high counting ra tes  w ith  
minimal s a c r i f i c e  in energy re so lu t io n  is  a prime requirement.
■ The r e s t r i c t io n  o f  counting the sample w ith in  the i r r a d ia t e d  ’ r a b b i t ’
and the aluminium t ra n s fe r  p ipe  l im it  the s e n s i t i v i t y  which may be achieved
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w ith  the technique. Due to absorption  e f f e c t s ,  detection  e f f i c ie n c y  is  
reduced in  the photon energy reg ion  below 50 keV as demonstrated by 
F ig .  ( 3 . 7) .  However, above th is  energy e f f i c ie n c y  c a l ib r a t io n  o f  the 
detector system i s  s u f f i c i e n t l y  w e l l  known and accu ra te ly  described  by 
the SAMPO an a ly t ic  function  as to enable abso lute  a c t iv a t io n  ana lys is  
ca lcu la t ion s  to be performed using the IDENT rou tine . The add it ion  of  
X-ray in te n s ity  data to the nuc lear  l i b r a r y  of th is  routine  would fu r th e r  
extend i t s  v e r s a t i l i t y .  The high impurity l e v e l s ,  e s p e c ia l ly  o f  the elements 
Br and Sb , in the po lyethylene i r r a d ia t io n  capsu les , together w ith  conside­
rab le  ’ r u b -o f f *  contamination o f elements such as A l  from the w a l ls  o f  the 
ICIS t r a n s fe r  p ipe cause an a d d it io n a l  reduction  in  s e n s i t i v i t y  by in c reas in g  
the background continuum o f  the ’b la n k ’ spectrum as d iscussed  more f u l l y  in  
§4 . 3 . 1 . The use o f  much sm aller  po lyethylene capsules in  a new c y c l ic  
act iv a t ion  system may improve th is  s i tu a t io n .
The combined c y c l ic  and conventional ana ly s is  scheme has been shown in  
Table  ( 3 . 6 ) to y i e ld  high s e n s i t i v i t i e s  f o r  a number o f  elements, e . g . Sc.
Rh, In , Dy and Hf may be detected in  a b lank  m atrix  at sub-nanogram le v e ls  
with a t o t a l  experiment time per sample o f  only a, 10 mins. An ad d it ion a l  
b e n e f i t  of the combined scheme r e s u l t in g  in  2 sp ectra ,  i s  the a id  to isotope  
id e n t i f i c a t io n  which may be obtained by c a lc u la t in g  r  (d e fined  by E q . ( 3 . 7) )  
from the experimental r e su lt s  and then r e fe r r in g  to F ig .  ( 3 . 9 ) f o r  an 
approximate estimate o f  the i s o to p ic  h a l f - l i f e .
The method of f i t t i n g  a polynomial function  to the background continuum 
o f a low energy photon spectrum provides a convenient means o f  estim ating  
elemental detection  l im its  in  a number of d i f f e r e n t  m atrices . Inspection  
of F ig s .  ( 3 . 15) and ( 3 . 16) show that IAEA Calc ined  Bone has by f a r  the h ighest  
background le v e l s ,  and th ere fo re  worst detection  l im it s ,  o f  the m ater ia ls
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2 jB 
(Counts)
F ig ,  ( 3 . 15) : V a r ia t io n  o f  2/B fo r  standard re ference  m ater ia ls  and 
blank w ith  energy, f o r  c y c l ic  a c t iv a t ion .
F ig .  ( 3 . 16) : V a r ia t io n  o f  2/B f o r  standard re ference  m ater ia ls  and 
blank w ith  energy, fo r  conventional counting mode.
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in ves t iga ted .  This i s  p robab ly  due to the production of la rge  q u an t it ie s  
o f 8 -em itting  isotopes from elements such as Na, K, Cl and P, the bremss-  
trahlung from which makes a s i g n i f i c a n t  contribut ion  to the background. 
Mantel et a l , ,  ( 1978) have reported  g re a t ly  improved accuracy in  the 
measurement o f  X-rays in  the presence of strong (3-em itte rs  by the use o f  
permanent magnets which d e f le c t  the g -p a r t ic le s  away from the detector  
reg ion , and may be a p o s s i b i l i t y  deserving  fu rth er  in v e s t ig a t io n  f o r  the 
ICIS system.
In conclusion , the use o f  the LEPD provides a complementary technique  
when combined w ith  c y c l ic  a c t iv a t io n ,  capable o f  the s e n s it iv e  detection  
o f a number o f  elements, such as Sc, Co, Se, Rh, In ,  Sm, Eu, Dy and Hf at 
le v e ls  below 10 ng, o f  in t e r e s t  to the b i o lo g i c a l ,  environmental and 
g e o lo g ic a l  sc iences. I f  simultaneous sp e c t ra l  measurements were made using  
both G e (L i )  and pure Ge de tec to rs ,  the c a p a b i l i t i e s  o f  the technique could  
be extended considerab ly .
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4.1  Introduction
An a i r  p a r t ic u la te  may be regarded as any substance that e x is t s  
as a l iq u id  or s o l id  in  the atmosphere under normal conditions and is  
o f microscopic or submicroscopic s iz e  ?  10“ 3 -  102ym); a cloud o f such 
p a r t i c le s  being termed an a e ro so l .  Apart from chemical composition, 
p a r t ic u la te s  are c l a s s i f i e d  according to source and s iz e .  Sources are  
broad ly  d iv ided  in to  two c a te g o r ie s ,  n a tu ra l  and man-made, w h i ls t  s ize  is  
based on a diameter, measured in  microns (ym ), seve ra l  d e f in i t io n s  of which 
are d iscussed by Mason ( 1978) . Ledbetter ( 1973) de fines  a p o l lu ta n t  as 
"the presence in  the a i r  o f  any abnormal m ater ia l or property that reduces  
the usefu lness  o f  the a i r  resou rce " .  The term ’ abnormal’ . r e fe r s  to m ater ia l  
e x is t in g  in  the atmosphere in  concentrations above the normal ambient l e v e l s ;  
thus e ith e r  source type, i . e .  n a tu ra l  or anthropogenic, may be judged a 
p o l lu ta n t .  The re sp ira to ry  system is  Man’ s normal mode o f  intake o f  a i r  
p a r t ic u la te s  in to  the body. The s iz e  o f  inhaled p a r t ic le s  is  there fo re  of  
extreme importance, since i t  i s  th is  parameter which determines the region  
of deposition  w ith in  the re sp ira to ry  system.
Natura l sources o f  a i r  p a r t ic u la te s  are p r in c ip a l ly  w in d -r isen  dust,  
sea spray, volcanoes and fo re s t  or bush f i r e s .  In d u s t r i a l  a c t i v i t i e s ,  
inc lud ing  a g r icu ltu re ,  and the combustion o f f o s s i l  fu e ls  conveniently  
summarise Man’ s con tr ibu t ion  to the atmospheric aeroso l load. Furthermore 
secondary anthropogenic sources , such as the conversion o f  gases to p a r t ic le s  
by photochemical reactions in the atmosphere, may a ls o  be app rec iab le .
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Depending on weather conditions and again  on p a r t i c le  s i z e ,  the trans­
po rta t ion  o f  an aero so l may be g lo b a l ,  reg ion a l  or only l o c a l ,  but eventua lly  
the p a r t i c le s  w i l l  reach the e a r t h ’ s su r fa c e ,  e i th e r  by ra in -ou t  (condensation  
on water vapour w ith in  c lo u d s ) , wash-out (be low -c loud  scavenging by ra in  
drops passing  through the a i r )  or dry depos it ion .
The sampling and subsequent trace  element an a ly s is  o f  a i r  p a r t ic u la te s  
there fo re  p lays an e s s e n t ia l  p a r t  in  e s ta b l i sh in g  ’normal ambient l e v e l s ’ and 
monitoring p o l lu ted  a i r ,  by c h a ra c te r is in g  the emissions o f  various so u rces , 
u lt im ate ly  f o r  the b e n e f i t  o f  human hea lth . By a lso  record ing  re levan t  weather  
data at or c lose  to the chosen sampling s i t e ,  the trace element measurements 
become p o te n t ia l ly  more important since s i g n i f i c a n t  c o r re la t io n s  between both 
these data sets may provide  an in s ig h t  in to  the behaviour of atmospheric  
a e r o s o ls .
A survey has been c a r r ied  out over a short summer per iod  in  Oxford  
c i ty -c e n t re ,  c h ie f ly  aimed at studying the a irborne  p a r t ic u la t e s  o f  v eh icu la r  
o r ig in ,  and was in i t i a t e d  by an Environmental Health O f f i c e r  o f  the C ity  
Council. This chapter ou t lines  the ob je c t iv e s  o f  the survey together with  
a b r i e f  d esc r ip t ion  of the sampling, but in  p a r t i c u la r  descr ibes  the INAA 
techniques employed and the sp e c ia l  problems encountered in  the elemental 
a n a ly s is  o f  the aeroso l samples obtained. Results are presented fo r  the 
elements which were d e tec tab le ,  as are  in te rp re ta t io n s  made in conjunction with  
data concerning weather, t r a f f i c  f low  and assoc ia ted  parameters recorded at  
the time o f sampling. The samples were obtained by M.R. Bartram whose M.Sc. 
Thesis ( 1976) p rov ides a comprehensive desc r ip t ion  o f  the sampling procedure,  
m eteoro log ica l data and p re lim inary  measurements made.
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The o r ig in a l  objectives of this study were:
i )  To e s t a b l i s h ,  i f  p o s s ib le ,  c o r re la t io n s  between degree of f i l t e r  s ta in in g  
due to unburnt hydrocarbons and other p o l lu tan ts  o f  v eh icu la r  o r ig in  
and the p r e v a i l in g  weather conditions.
i i )  To acquire  samples f o r  the subsequent INAA o f a irborne  trace elements 
due to v eh icu la r  p o l lu t io n  in  a busy urban s t r e e t .
To th is  end a locat ion  ( in d ic a ted  in F ig .  ( 4 . 1 ) )  was chosen in  St. 
A ld a te s ,  a busy main s t r e e t  in  the very centre o f  Oxford carry ing  heavy 
two-way t r a f f i c  through the c i t y .  The s t r e e t  in  th is  v i c in i t y  i s  bounded 
on both sides by s i x  s to re y -b u i ld in g s  which produce a 'canyon e f f e c t 1, 
preventing  the rap id  d i sp e r s a l  o f  p a r t ic u la te s  from other sources, such as 
in te rn a l  combustion engines. The actua l sampling s i t e  was s itua ted  in a 
sea led  doorway of the Town H a l l  c lose  to a footpath and the apparatus arranged  
in such a p o s it io n  as to c o l l e c t  p a r t ic u la te s  s im i la r  to those inhaled  by a 
passing  p edestr ian . Adjacent to the s i t e ,  a set of t r a f f i c  l i g h t s  s i g n i f i ­
cantly  slowed the movement of v eh ic le s  a long the s t r e e t .  T ra f f ic -m e te r in g  
equipment of the conventional type used by lo c a l  a u th o r it ie s  was s i tu a ted  
at th is  p o in t .  The meters were se t  to measure motor veh ic le s  on ly , the 
aggregate being recorded on a paper r o l l  at 15 min, in t e r v a l s .  Due to a 
m alfunction ,data  was only a v a i la b le  fo r  North-bound t r a f f i c  f low , but th is  
was considered s u f f i c i e n t  to r e f l e c t  the o v e r a l l  d a i ly  t r a f f i c  p a tte rn .
The sampling apparatus consisted  o f an in le t  funnel connected d i r e c t ly  
to a p l a s t i c  ho lder containing a 47 mm diameter M i l l ip o re  membrane f i l t e r  
through which a i r  was drawn at a rate  of ^ 1,2 m3hr-1 by an e l e c t r i c  pump v ia  
a length o f  PVC tubing. The volume o f  exhaust a i r  from the pump was recorded
4 .2  T h e  S a m p l i n g  o f  O x f o r d  A i r  P a r t i c u l a t e s
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by a gas meter o f  the type used by the N at iona l Survey o f  A i r  P o l lu t io n  
(NSAP). Pump and meter together w ith  a coo ling  fan were enclosed in  a 
stout p o rtab le  wooden box, the whole equipment be ing  s p e c i f i c a l l y  designed  
to minimise p o s s ib le  contamination o f  the f i l t e r s  w h i ls t  maintaining high  
c o l le c t io n  e f f i c ie n c y .  Further considerations such as .proof aga in st  th e f t ,  
vandalism and the elements w h i l s t  maintaining easy access to change the 
f i l t e r s  a lso  in fluenced  des ign . M i l l i p o r e  f i l t e r s ,  cu rren t ly  favoured by a 
la rg e  number of Local Health A u th o r i t ie s ,  o f  0 .8  ym pore s ize  were used 
throughout; packaged as they are in p l a s t i c  holders enabled f i l t e r s  to be 
changed ’ in the f i e l d ’ simply by exchanging holders w ithout hand ling  o f  
the actual membrane.
Sampling was conducted over 12 complete days, from 07.00  on Monday,
18th August, 1975 to 01.00  on Saturday, 30th August, 1975, in c lu s iv e .  Each 
day was d iv ided  in to  four 6 -hourly  per iods as f o l l o w s : -  0 7 . 00- 13 . 00 ; 13 . 00- 19.00 
19 . 00- 01 . 00 ; 01 . 00- 07 . 0 0 ; the f i l t e r  be ing  changed manually between each 
per iod . The p o l lu te d  f i l t e r s ,  numbered s e q u e n t ia l ly ,  were stored in  
in d iv id u a l  sea led  polythene bags .  The sampling in te rv a ls  were chosen to 
r e f l e c t  the per iods  c£ high and low t r a f f i c  f low  throughout the day.
The m eteoro log ica l  data f o r  the duration  of the experiment was provided  
by the R a d c l i f f e  Observatory , Oxford , shown on F ig ,  ( 4 . 1) approximately  
1 km. North o f the sampling s i t e .  A d d it ion a l  in form ation was obtained by 
Bartram, namely f i l t e r  obscuration  (%) measured by a re f lec tom eter  fo r  each 
o f the samples, and d a i ly  SO^ and Standard Urban Smoke values from an NSAP 
sampling s i t e  in the Environmental Health Department some 270 m (as the crow 
f l i e s )  from the St. A ldates  s i t e .  D a i ly  values fo r  S0 2 and Smoke are  
a v a i la b le  fo r  9 out o f  the 12 sampling days.
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The elemental an a ly s is  o f  a i r  p a r t ic u la te s  by INAA presents s p e c i f i c  
d i f f i c u l t i e s  p r in c ip a l ly  re la te d  to a very small sample deposited on a 
( r e l a t i v e l y )  la rge  f i l t e r .  Where p o s s ib le ,  in  most instrumental a n a ly t ic a l  
techniques, blanks are e ith e r  avoided completely or th e ir  contribut ion  to 
the gross s ign a l  is  p rop o rt io n a te ly  reduced by in creas in g  the sample s i z e .  
N either option is  f e a s i b l e  in  th is  instance w ithout re so r t in g  to des tructive  
chemical separation  techniques. Taking the values o f  Stern ( 1976) ,  p a r t i -
• • • • 3cu late  matter occurs m  p o l lu ted  a i r  m  the concentration  range 70—700]ig m~ . 
Thus a 7.2  m3 sample, such as the ones obtained in th is  study, would y i e ld  
0 . 5-5  mg o f  p a r t ic u la t e  matter deposited  on a M i l l ip o re  f i l t e r  weighing  
t y p ic a l ly  'v 50 mg. I d e a l l y ,  th e re fo re ,  h igh  neutron f lu xes  are necessary to 
give  the requ ired  s e n s i t i v i t y  and the c lean  f i l t e r s  Cblanks) should have the 
lowest p o s s ib le  concentrations o f  elements o f  in t e r e s t .
The M i l l ip o re  f i l t e r  membranes on which a i r  p a r t ic u la te s  were c o l le c ted  
in  th is  study are unsu itab le  on both these counts. Heydom ( 1976) reports  that  
the f i l t e r s  have a tendency to explode when i r r a d ia te d  in  high f lu x  
(<j)th ~ 10lifn cnT^s"1) f a c i l i t i e s  thus imposing a fundamental l im ita t io n  on the 
a n a ly t ic a l  s e n s i t i v i t y .  Moreover, impurity le v e ls  in  the 'b la n k 1 M i l l ip o re  
membranes(Dams et  a l . ,  1972) are unacceptably high f o r  such elements as Na,
A l ,  C l and Br; elements which, upon i r r a d ia t io n ,  are very ' e a s i l y '  act ivated  
and so impair detection  l im its  o f  gamma spectrometry by s i g n i f i c a n t ly  
con tr ibu t ing  to the background under s ig n a ls  o f in t e r e s t .  Dams et a l .  l i s t  
a t o t a l  o f  14 impurity elements, a l l  detec tab le  through NAA in  the M i l l ip o r e  
f i l t e r s .  Spyrou et a l . ,  ( 1976) ,  in  a comparison o f  d i f f e r e n t  types o f  a i r  
f i l t e r s ,  a lso  report  that 12 impurity elements were detected in the M i l l ip o re  
f i l t e r s .
4 .3  A i r  P a r t i c u l a t e  A n a l y s i s
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Th ere fore ,  XNAA was perfonned on the se r ie s  o f  f i l t e r  samples w ith  
the in ten t ion  o f ’ r e sc u in g 1 as much in form ation  as p o s s ib le  from such a 
unique and worthwhile experiment. Nine schemes o f  a n a ly s is  were employed 
with vary ing  degrees o f  success and these are summarised in  Table ( 4 . 1) .
4 . 3.1 C yc lic  a c t iv a t ion
C yc lic  a c t iv a t io n ,  us ing  IC IS ,  was the f i r s t  technique in ves t ig a ted  and 
accounts f o r  4 o f  the schemes ou t lined  in  Table ( 4 . 1) .  This technique is  
always a t t r a c t iv e  in  s i tu a t io n s  where a la rge  number o f  samples have to be  
analysed , i f  the measurable s h o r t - l i v e d  isotopes are o f  in t e r e s t .
Dams e t  a l ,  ( 1975) descr ibe  a technique (conventiona l ra ther than 
c y c l ic  mode) f o r  the measurement o f  the s h o r t - l i v e d  iso topes 20F ( l l . l s ) ,  
i+6Scm( 18 . 7s ) ,  77Sem( 17 . 7s )  , 11 °A g (24 . 6s) and 179Hfm( 1 8 . 7s )  a l l  of which have 
been shown o f  p o te n t ia l  in t e r e s t  in  a e ro so ls .  Studies in  Belgium in d ica te  
that Sc, Se, Ag and Hf can be considered as in d ica to rs  f o r  the main aeroso l  
components, namely the s o i l  der ived  elements, the v o l a t i l e  p o l lu t io n  elements, 
a number o f  n on -fe rrous  metals and the la rge  group o f  anth ropogen ica lly  
produced p o l lu t io n  components w ith  d is t r ib u te d  sources . The importance of 
F i s  d iscussed in  Chapter 6. Thus analyses o f  these elements, requ ir in g  
only a few minutes per sample, could g ive  an overview of the p o l lu ted  
a e r o s o l ,
The samples intended f o r  c y c l ic  a c t iv a t io n  were a l l  doubly contained  
in washed polythene capsules p r i o r  to i r r a d i a t i o n ;  d e t a i l s  o f  experimental 
arrangements are described  in §3 .5  and §6 . 2 . 2 . The f i r s t  scheme was 
s p e c i f i c a l l y  se lec ted  f o r  the determination o f lead ,  o f  extreme importance 
in  a i r  p o l lu t io n  s tu d ie s ,  through the 0 . 8s isomer 207Pbm. I r r a d ia t io n  
conditions were s im i la r  to those descr ibed  by Egan and Spyrou ( 1976) f o r
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-  I l l  -
o p t i m u m  d e t e c t i o n .  U n f o r t u n a t e l y  n e i t h e r  t h e  5 7 0  k e V  n o r  t h e  1 0 6 4  k e V  
g a m m a  r a y s  w e r e  d e t e c t e d  i n  t h e  t w o  t r i a l  s a m p l e s  b y  t h e  2 0  c m 3  G e ( L i )  
d e t e c t o r  s y s t e m .  B a s e d  o n  a  2 / B  c a l c u l a t i o n ,  t h e  s e n s i t i v i t y  f o r  l e a d  i n  
t h e  b l a n k  m a t r i x  w a s  e s t i m a t e d  t o  b e  1 2  y g .
T h e  t i m i n g  p a r a m e t e r s  s e l e c t e d  f o r  s c h e m e s  [ 2 ]  a n d  [ 3 ]  w e r e  c h o s e n  
a s  b e i n g  g e n e r a l l y  i d e a l  f o r  t h e  m e a s u r e m e n t  o f  a l l  i s o t o p e s  w i t h  h a l f -  
l i v e s  i n  t h e  r a n g e  5 - 5 0 s , s u c h  a s  t h o s e  m e n t i o n e d  a b o v e ,  i f  n o t  i n  t h e  
p r e s e n c e  o f  s t r o n g l y  i n t e r f e r i n g  b a c k g r o u n d  s i g n a l s .  T h i s  w a s  c l e a r l y  
d e m o n s t r a t e d  b y  t h e  b r o a d  m a x i m u m  o f  t h e  p C y C  c u r v e  i n  F i g .  ( 3 . 9 ) .  T r i a l  
i r r a d i a t i o n s  i n  c o n j u n c t i o n  w i t h  t h e  G e ( L i )  d e t e c t o r ,  p r i n c i p a l l y  m e a s u r i n g  
h i g h e r  e n e r g y  g a m m a  r a y s ,  a n d  t h e  G e  l o w  e n e r g y  p h o t o n  d e t e c t o r  r e s u l t e d  i n  
t h e  d e t e c t i o n  o f  1 5  i s o t o p e s  l i s t e d  i n  T a b l e  ( 4 . 2 ) .  S c h e m e  [ 4 ] ,  t h e  
a d d i t i o n a l  c o n v e n t i o n a l  c o u n t  w a s  i n c l u d e d  a s  p a r t  o f  t h e  s t u d y  d e s c r i b e d  
i n  § 3 . 5 .  S c h e m e s  [ l ]  a n d  [ 2 ] ,  n o t  s u r p r i s i n g l y ,  y i e l d e d  t h e  s a m e  l i s t .  O f  
t h o s e  i s o t o p e s  d e t e c t e d  v i a  [ l ] “ [ 4 ] ,  o n l y  5 2 V  d o e s  n o t  o c c u r  i n  t h e  b l a n k  
m a t r i x  w h i l s t  v e r y  f e w  o f  t h e  o t h e r s  w e r e  p r e s e n t  a t  l e v e l s  i n  t h e  s a m p l e  
d i s t i n g u i s h a b l e  a b o v e  t h o s e  o f  t h e  b l a n k s .  T h o s e  i s o t o p e s  d e t e c t a b l e  i n  
t h e  s a m p l e s ,  s u c h  a s  5 2 V ,  w e r e  t h e  l o n g e r  l i v e d  f o r  w h i c h  c y c l i c  a c t i v a t i o n  
w a s  n o t  t h e  m o s t  s u i t a b l e  t e c h n i q u e .
T h e  p r i n c i p a l  r e a s o n  f o r  t h e  f a i l u r e  o f  c y c l i c  a c t i v a t i o n  t o  y i e l d  
r e s u l t s  i s  t h e  v i o l a t i o n  o f  t h e  ' g o l d e n  r u l e '  t o  a v o i d  s i t u a t i o n s  w h e r e  
' s m a l l '  s a m p l e s  a r e  a s s o c i a t e d  w i t h  ' l a r g e '  b l a n k s .  T h e  i n t e r f e r e n c e s  o f  
t h e  M i l l i p o r e  f i l t e r  ( N a ,  A l ,  C l ,  C u ,  B r )  w e r e  c o m p o u n d e d  b y  t h o s e  o f  t h e  
p o l y t h e n e  c o n t a i n e r s  ( N a ,  A l , S e ,  C o ,  B r ,  S b )  a n d  t h e  a i r  t r a p p e d  i n s i d e  
( 0 ,  A )  u n a v o i d a b l e  w i t h  t h e  p r e s e n t  I C I S  f a c i l i t y .  T h e  n e w  C y c l i c  A c t i v a t i o n  
S y s t e m  ( C A S ) ,  a t  p r e s e n t  u n d e r  d e v e l o p m e n t  a t  U L R C ,  w i l l  r e d u c e  t h e  b l a n k  
p o l y t h e n e  c o n t a i n e r  f r o m  >  7  g ,  a s  w i t h  I C I S ,  t o  %  0 . 7  g ,  a  v a s t  i m p r o v e m e n t  
f o r  C N A A  o f  a i r  f i l t e r  s a m p l e s .
-  1 1 2  -
Table (4 .2 )  I so to p e s  d e te c te d  by r e s p e c t iv e  i r r a d i a t i o n  schemes.
S  c h e m e I s o t o p e s
[ 1 ] *  +  [ 2 ] * 1 9 0 ,  2 4 N a ,  2 7 M g ,  2 8 A 1 ,  3 8 C I ,  3 8 C l m , 4 1 A ,  5 2 V ,  6 6 C u ,  7 7 S e m , 
7 9 B r m , 8 0 B r
. [ 3 ] * 1 9 0 ,  7 7 S e m , 7 9 B r m , 8 0 B r m , 8 2 B r m , 1 2 2 S b m
r
[ 4 ] 6 ° C o T n , 8 0 B r m , 8 2 B r m , 1 2 2 S b m
[ 5 ] 2 4 N a ,  ( 2 7 M g ) ,  2 8 A 1 ,  3 8 C 1 ,  ( 4 2 K ) ,  4 9 C a ,  ( 5 1 T i ) ,  5 2 V ,  
5 8 M n ,  8 8 C u ,  8 0 B r ,  8 2 B r ,  ( ^ ^ I n 111) ,  1 2 5 S n m , 1 2 8 I
[ 6 ] 2 4 N a ,  4 2 K ,  8 2 B r
[ 7 ] 2 4 N a ,  4 2 K ,  ( 6 0 C o ) ,  8 2 B r ,  ( 1 2 2 S b ) ,  ( l t t 0 L a )  , ( 1 5 3 S m )
[ 8 ] 2 4 N a ,  5 1 C r , 6 0 C o ,  ( 6 5 Z n ) , 8 2 B r ,  1 2 2 S b ,  ( 1 5 3 S m )
[ 9 3 2 4 N a ,  5 1 C r , 6 0 C o ,  6 5 Z n ,  8 2 B r ,  1 2 2 S b ,  A 2 ? * ? ,  ( 1 5 3 S m )
N o t e s : ' B l a n k 1 i n c l u d e s  p o l y t h e n e  i r r a d i a t i o n  c a p s u l e .
D o e s  n o t  o c c u r  i n  b l a n k  
( ) O c c u r s  i n  <  5 0 %  o f  s a m p l e s .
D u r i n g  t h e  c o u r s e  o f  p r e p a r i n g  t h e  t r i a l  s a m p l e s  i t  w a s  d i s c o v e r e d  
t h a t  M i l l i p o r e  m e m b r a n e s  w e r e  e x t r e m e l y  f r a g i l e .  T h i s  w a s  f u r t h e r  b o r n e  
o u t  b y  p o s t - i r r a d i a t i o n  e x a m i n a t i o n  o f  t h e  s a m p l e s ;  d u e  t o  m e c h a n i c a l  s h o c k s  
d u r i n g  c y c l i n g  t h e  f i l t e r s  w e r e  r e d u c e d  t o  a  m a s s  o f  f r a g m e n t s ,  w h i c h  t h r o u g h  
s t a t i c  a t t r a c t i o n  t o  t h e  p o l y t h e n e  c o n t a i n e r s ,  c o u l d  n e v e r  b e  f u l l y  r e c o v e r e d  
f o r  f u r t h e r  a n a l y s i s .  I t  w a s  t h e r e f o r e  d e c i d e d  t o  p e l l e t  a l l  r e m a i n i n g
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s a m p l e s  b e f o r e  i r r a d i a t i o n ,  e n s u r i n g  a  r e p r o d u c i b l e  c o u n t i n g  g e o m e t r y  f o r  
c o n v e n t i o n a l  a n a l y s i s  w h i l s t  p r e s e r v i n g  t h e m  f o r  f u t u r e  u s e .  T h e  M i l l i p o r e  
f i l t e r s ,  w h e n  p e l l e t t e d  i n  a  1 0  m m  d i a m e t e r  d i e  w i t h  a  p r e s s u r e  o f  1 0 0 0  k g  c m ” 2 , 
h a d  a  t e n d e n c y  t o  a d h e r e  t o  t h e  f a c e s  o f  t h e  d i e .  T h i s  c o u l d  o n l y  b e  o v e r ­
c o m e  b y  w r a p p i n g  e a c h  f i l t e r  i n s i d e  a  N u c l e p o r e  p o l y c a r b o n a t e  m e m b r a n e  o f  
t h e  s a m e  d i a m e t e r ,  t h i s  m a t e r i a l  b e i n g  c h o s e n  f o r  i t s  l o w  i m p u r i t y  l e v e l s  
( R i c c i ,  1 9 7 5 ;  S p y r o u  e t  a l . ,  1 9 7 6 ) .  C o n t a m i n a t i o n  f r o m  t h e  d i e ,  w h i c h  w a s  o f  , 
o p t i c a l l y  p o l i s h e d  s t e e l  w a s h e d  w i t h  a c e t o n e  b e t w e e n  s a m p l e s ,  w a s  n e g l i g i b l e .
4 . 3 . 2  C o n v e n t i o n a l  a c t i v a t i o n
C y c l i c  a c t i v a t i o n  h a v i n g  b e e n  a b a n d o n e d ,  t h e  s h o r t  c o n v e n t i o n a l  
i r r a d i a t e - w a i t - c o u n t  s e q u e n c e ,  s c h e m e  [ 5 ] ,  w a s  i n v e s t i g a t e d  f o r  r a p i d  r o u t i n e  
a n a l y s i s .  A f t e r  i r r a d i a t i o n  w i t h  I C I S ,  a n o t h e r  p n e u m a t i c  s h u t t l e  t r a n s p o r t s  
t h e  s a m p l e s  t o  t h e  r a d i o c h e m i c a l  l a b o r a t o r i e s  w h e r e  t h e y  a r e  u n p a c k a g e d  a n d  
p l a c e d  i n  c l e a n ,  n o n - a c t i v e  c o n t a i n e r s  f o r  s u b s e q u e n t  c o u n t i n g .  A c c u r a t e ,  
r e p r o d u c i b l e  w a i t i n g  t i m e s  w e r e  a c h i e v e d  b y  t h e  u s e  o f  a  d e l a y  t i m e r  t r i g g e r e d  
a u t o m a t i c a l l y  b y  a n  ’ o u t ’ s i g n a l  f r o m  t h e  I C I S  s y s t e m .  T h e  r e q u i r e d  d e l a y  
h a v i n g  e l a p s e d ,  t h e  u n i t ,  b a s e d  o n  a  H a r w e l l  2 0 0 0  s e r i e s  s c a l e r / t i m e r ,  
s w i t c h e d  t h e  L a b e n  M C A  t o  t h e  c o u n t i n g  m o d e .  A  t o t a l  o f  1 5  i s o t o p e s  w e r e  
d e t e c t e d  i n  s o m e  o r  a l l  o f  t h e  s a m p l e s ,  a s  s h o w n  i n  T a b l e  ( 4 . 2 ) ,  a l t h o u g h
2 7 M g , 4 2 ^  5 1 T £  a n d  H 6 x n m  o c c u r r e d  i n  <  5 0 %  o f  c a s e s .  E l i m i n a t i o n  o f  t h e
i r r a d i a t e d  p o l y t h e n e  c o n t a i n e r s  p r o v e d  o f  c o n s i d e r a b l e  a d v a n t a g e  f o r  t h e s e
s a m p l e s ,  e n a b l i n g  a t  l e a s t  8  e l e m e n t s  t o  b e  d e t e r m i n e d  i n  t h e  p r e s e n c e  o f
t h e  M i l l i p o r e / N u c l e p o r e  b l a n k s .
I n  a n  a t t e m p t  t o  o b t a i n  f u r t h e r  d a t a  f r o m  t h e  s a m p l e s ,  s e v e r a l  s c h e m e s
i n v o l v i n g  i r r a d i a t i o n s  i n  t h e  2 7 0 ° / 3  C o r e  T u b e  f o r  m u l t i p l e s  o f  t h e  ’ r e a c t o r  
o p e r a t i n g  d a y '  ( v  7 h )  w e r e  e m p l o y e d .  S c h e m e  [ 6 ] ,  a  ' o n e  d a y '  i r r a d i a t i o n  
c l e a r l y  d e m o n s t r a t e s  t h e  d i s a s t r o u s  e f f e c t s  o f  h i g h  i m p u r i t y  l e v e l s  i n  t h e
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a n d  8 2 B r  o n l y .
F i n a l l y ,  o f  t h e  r e m a i n i n g  3  s c h e m e s  i n v o l v i n g  i r r a d i a t i o n s  o v e r  4  o r  5  
o p e r a t i n g  d a y s ,  T a b l e  ( 4 . 2 )  s h o w s  t h a t  s c h e m e  [ 9 ]  p r o v e d  t h e  m o s t  s u c c e s s f u l ,  
t h e  6  d a y  w a i t i n g  t i m e  a l l o w i n g  c o n s i d e r a b l e  2 4 N a  a n d  8 2 B r  a c t i v i t y  t o  
d e c a y  a w a y .  I r r a d i a t i o n  d a m a g e  t o  t h e  m e m b r a n e s  b y  a n  i n t e g r a t e d  t h e r m a l  
n e u t r o n  f l u x  a- 1 0 1 7 n  c m “ 2  r e n d e r e d  t h e m  e x t r e m e l y  b r i t t l e ,  t h u s  p r e c l u d i n g  
t h e  p o s s i b i l i t y  o f  l o n g e r  i r r a d i a t i o n  p e r i o d s .
R e s u l t s  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s  f o r  e l e m e n t s  d e t e r m i n e d  
b y  s c h e m e s  [ 5 ] ,  [ 8 ]  a n d  [ 9 ] .  T h e  s t a n d a r d  m a t e r i a l s  N B S  O r c h a r d  L e a v e s  a n d  
B o w e n ’ s  K a l e ,  a l s o  i n  p e l l e t  f o r m  f o r  r e p l i c a t e  c o u n t i n g  g e o m e t r y ,  w e r e  u s e d  
t o  o b t a i n  e l e m e n t a l  c o n c e n t r a t i o n s .  I n t e r s p e r s e d  b e t w e e n  t h e  s a m p l e s ,  t h e y  
a l s o  s e r v e d  a s  f l u x  m o n i t o r s  b o t h  i n  I C I S  w h e r e  s a m p l e s  w e r e  i r r a d i a t e d  
s e r i a l l y  a n d  i n  t h e  2 7 0 ° / 3 C T  w h e r e  u p  t o  1 2  s a m p l e s  p a c k a g e d  i n  o n e  l a r g e  
p o l y t h e n e  c o n t a i n e r  w e r e  i r r a d i a t e d  s i m u l t a n e o u s l y .  F l u x ’ g r a d i e n t s  a l o n g  
t h e s e  c o n t a i n e r s  w e r e  m o n i t o r e d  b y  t h e  u s e  o f  i r o n  w i r e s  a s  d e s c r i b e d  i n  
§ 1 . 3 . 4 .  T h e  g a m m a  s p e c t r a  r e c o r d e d  o n  m a g n e t i c  t a p e  w e r e  a n a l y s e d  b y  S A M P O ,  
w i t h  c o r r e c t i o n s  f o r  d i f f e r e n t  f l u x e s  a n d  w a i t i n g  t i m e s  b e t w e e n  s a m p l e s  b e i n g  
i n c l u d e d .
4 . 4  B l a n k  I m p u r i t i e s  a n d  A n a l y t i c a l  S e n s i t i v i t y
T h e  c o n s e q u e n c e s  o f  h i g h  i m p u r i t y  l e v e l s  i n  t h e  b l a n k  m e m b r a n e s  h a v e  
a l r e a d y  b e e n  d i s c u s s e d .  T a b l e  ( 4 . 3 )  p r o v i d e s  t h e  v a l u e s  o f  8  e l e m e n t s  
m e a s u r e d  i n  t h i s  w o r k  f o r  t h e  c o m b i n e d  M i l l i p o r e / N u c l e p o r e  m e m b r a n e  p e l l e t s ,  
t o g e t h e r  w i t h  p u b l i s h e d  v a l u e s  ( D a m s  e t  a l . ,  1 9 7 2 ;  R i c c i ,  1 9 7 5 )  f o r  t h e  
i n d i v i d u a l  m a t e r i a l s .  T h e  ± %  r a n g e s  q u o t e d  r e f e r  t o  t h e  s t a n d a r d  e r r o r  
o b t a i n e d  f r o m  m e a s u r e m e n t s  o n  4  b l a n k s ,  a d d e d  i n  q u a d r a t u r e  t o  t h e  m a s s  
c a l i b r a t i o n  e r r o r  e s t i m a t e .  T h e  r e s u l t s  a r e  g e n e r a l l y  i n  g o o d  a g r e e m e n t  w i t h  
t h e  p u b l i s h e d  d a t a .
b la n k s ;  0/ 21 peaks in  th e  Ge(Li) s p e c t r a  be ing  a t t r i b u t a b l e  to  24jfa , 42r
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T a b l e  ( 4 . 3 )  T r a c e  E l e m e n t  C o n t e n t  o f  ’ C l e a n '  F i l t e r s  ( 0 . 8  y m  p o r e  s i z e ;  
4  4 7  m m ) .
E l e m e n t M i l l i p o r e
( y g )
C
+  N u c l e p o r e
± %
M i l l i p o r e a
( y g )
N u c l e p o r e 13
( y g )
• • 3. Id 
M i l l i p o r e  +  N u c l e p o r e
( y g )
N a 7 . 3 9 . 5 6 . 9 0 . 7 5 7 . 6 5
A l 0 . 7 4 1 2 . 0 . 1 7 0 . 7 3 0 . 9 0
C l 1 7 . 7 1 1 . 3 1 7 . 3 0 . 6 8 1 8 .
C a 4 . 6 1 8 . 6 . 4 - >  6 . 4
C r 0 . 4 5 1 5 . 0 . 2 6 0 . 0 5 0 . 3 1
C u 0 . 9 0 1 7 . 1 . 0 - >  1 . 0
B r 0 . 0 5 8 1 3 . 0 . 0 3 0 . 0 2 0 . 0 5
S n 0 . 3 6 1 8 . - - -
R e f e r e n c e s :  a  D a m s  e t  a l ,  ( 1 9 7 2 )
b  R i c c i  ( 1 9 7 5 )  
c  T h i s  w o r k .
E l e m e n t a l  s e n s i t i v i t i e s ,  b a s e d  o n  t h e  3 . 6 / B  c r i t e r i o n  ( s i n c e  a l l  s p e c t r a  
w e r e  r o u t i n e l y  a n a l y s e d  u s i n g  S A M P O )  f o r  t h e  b l a n k  m a t r i x ,  w e r e  c a l c u l a t e d  
f o r  a n a l y s i s  s c h e m e s  [ 5 ]  a n d  [ 9 ]  a n d  t h e s e  a r e  l i s t e d  i n  T a b l e  ( 4 . 4 )  b y  t h e  
i s o t o p e  d e t e c t e d  t o g e t h e r  w i t h  e a c h  s e l e c t e d  y  p h o t o p e a l c  e n e r g y .  D e t e c t i o n  
l i m i t s ,  b a s e d  o n  a  7 . 2  m 3  a i r  s a m p l e  w e r e  a l s o  c a l c u l a t e d  f o r  T a b l e  ( 4 . 5 ) .
T h e  i s o t o p e s  o f  T i , I n ,  S n  a n d  I  w e r e  n o t  d e t e c t e d  i n  t h e  s t a n d a r d  m a t e r i a l s  
a n d  t h e r e f o r e  a b s o l u t e  c a l c u l a t i o n s  w e r e  n e c e s s a r y  e m p l o y i n g  E q . ( 1 . 1 7 ) . a n d .  
a  k n o w l e d g e  o f  t h e  n e u t r o n  e n e r g y  d i s t r i b u t i o n  i n  t h i s  i r r a d i a t i o n  p o s i t i o n  
( § 1 . 3 . 4 ) .
J
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Table (4 .4 )  E lem en ta l S e n s i t i v i t i e s
S c h e m e  [ 5 ] S c h e m e  [ 9 ]
I s o t o p e
d e t e c t e d
S e l c t e d  y  r a y  
( k e V )
S e n s i t i v i t y
( n g )
I s o t o p e
d e t e c t e d
S e l e c t e d  y  r a y  
( k e V )
S e n s i t i v i t y
( n g )
2 4 N a 1 3 6 8 2 9 0 2 4 N a 1 3 6 8 8 7 0
2 7 M g 1 0 1 4 2 , 8 0 0
# 2 K 1 5 2 5 1 8 0  y g
2 8 A 1 1 7 7 9 3 9 4 7 C a 1 2 9 7 2 0 0  y g
3 8 C i 1 6 4 2 3 4 0 4 6 S c 8 8 9 0 . 3 8
4 2 k 1 5 2 5 1 4  y g 5 1 C r 3 2 0 3 6 0
4 9 C a 3 0 8 3 5 0 0 0 8 9 F e 1 0 9 9 8 1 0 0
5 1 T i 3 2 0 1 8 0 6 0 C o 1 1 7 3 8
5 2 V 1 4 3 4 1 . 8 6 5 Z n 1 1 1 5 4 4 0
5 6 M n 1 8 1 1 1 7 7  8  A s 5 5 9 3 1
6 6 C u 1 0 3 9 1 2 0 8 2 B r 5 5 4 2 7
8 0 B r 6 1 7 2 7 8 6 R b 1 0 7 7 2 4 0
1 1 6 1 2 9 3 0 . 1 6 1 2 2 S b 5 6 4 3 . 2
1 2 5 S n m 3 3 2 1 6 0 1 3 1 B a 1 2 4  ' 1 0 0 0
1 2 8 j 4 4 3 6 . 3 1 4 ° L a 1 5 9 6 3 8
-  117 -
-  b a s e d  o n  7 . 2  m 3  a i r  s a m p l e
Table (4 .5 )  E lem en ta l D e te c t io n  L im its
f e  =  6 0 0  s  • f e  =  5  o p e r a t i n g  d a y s
t  =  9 0  s S  c h e m e  [ 5 ] t  =  v  6 d ► S c h e m e  [ 9 ]
w w
t  =  6 0 0  s t  =  5 0 0 0  s
c c ✓
D e t e c t i o n  L i m i t D e t e c t i o n  L i m i t
E l e m e n t E l e m e n t
( n g . m  3 ) ( n g . m - 3 )
N a 4 0 N a 1 2 0
M g 3 9 0 K 2 5  y g
A l 5 . 4 C a 2 8  y g
C l 5 0 S c 0 . 0 5
K 1 . 9  y g C r 5 0
C a 7 0 0 F e 1 . 1  y g
T i 2 5 C o l . i
V 0 . 2 5 Z n 6 0 .
M n 2 . 4 A s 4 . 3
C u 1 7 B r 3 . 8
B r 3 . 8 R b 3 3 .
I n 0 . 0 2 S b 0 . 4 4
S n 2 2 B a 1 4 0 .
I 0 . 9 L a 5 , 3
D e t e c t i o n  L i m i t  =  3 . 6  *  / S i g n a l  B a c k g r o u n d
4 . 5  I n t e r f e r e n c e  R e a c t i o n s
I n t e r f e r i n g  r e a c t i o n s  w h i c h  c o m p e t e  t o  p r o d u c e  t h e  s a m e  p r o d u c t  b y  a  
c o m b i n a t i o n  o f  t h e r m a l  a n d  f a s t  r e a c t i o n s  a r e  g e n e r a l l y  o n l y  a  p r o b l e m  i n  
a  c o r e  t u b e  i r r a d i a t i o n  w h e n  s e v e r a l  e l e m e n t s  a r e  p r e s e n t  i n  l a r g e  q u a n t i t i e s  
i n  a  m a t r i x  ( e . g .  s o i l ) .  S u c h  w a s  n o t  t h e  c a s e  i n  t h i s  s t u d y ,  s i n c e  t h e  
m a j o r i t y  o f  e l e m e n t s  m e a s u r e d  w e r e  p r e s e n t  o n l y  i n  t r a c e  q u a n t i t i e s .  
N e v e r t h e l e s s ,  t h e  o n e  p o t e n t i a l l y  s e r i o u s  i n t e r f e r e n c e ,  n a m e l y :
2 7 A l ( n , y ) 2 8 A l  
‘ 2 8 S i ( n , p ) 2 8 A l  
3 1 P  ( n , a ) 2 8 A 1
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w a s  i n v e s t i g a t e d .  T h i s  w a s  c a r r i e d  o u t  b y  r e - i r r a d i a t i n g  o n e  o f  t h e  s a m p l e s  
( a f t e r  a l l  p r e v i o u s  a c t i v i t y  h a d  d e c a y e d )  u n d e r  i d e n t i c a l  c o n d i t i o n s  t o  
s c h e m e  [ 5 ]  e x c e p t  t h a t  t h i s  t i m e  t h e  s a m p l e  w a s  c o n t a i n e d  i n  a  c a d m i u m  
b o x .  I f  t h e  p r e s e n c e  i n  t h e  s a m p l e  o f  A l , S i  a n d  P  i s  a s s u m e d ,  t h e n  f o r  
t h e  u n s h i e l d e d  c a s e  l e t  X  b e  t h e  p h o t o p e a k  c o u n t s  c o n t r i b u t e d  b y  t h e  ( n , y )  
r e a c t i o n  a n d  Y  t h e  c o m b i n e d  c o n t r i b u t i o n  f r o m  t h e  ( n , p )  a n d  ( n , a )  r e a c t i o n s .  
S i m i l a r l y ,  w h e n  t h e  c a d m i u m  c o v e r  i s  p r e s e n t ,  t h e  ( n , y )  c o n t r i b u t i o n  w i l l  
b e  m o d i f i e d  t o  X / C R . 2 8 ^  ( § 1 . 3 . 1 )  w h i l s t  Y  i s  u n c h a n g e d  s i n c e  t h e s e  t w o  
r e a c t i o n s  a r e  b o t h  t h r e s h o l d  r e a c t i o n s  i n i t i a t e d  o n l y  b y  f a s t  n e u t r o n s .
T h u s  t h e  t w o  s i m u l t a n e o u s  e q u a t i o n s :
X  +  Y  =  Z
x / c r 2 8 A i  +  Y  =  Z ’
m a y  b e  s o l v e d  f o r  X  a n d  Y  b y  t h e  t w o  i r r a d i a t i o n s  d e s c r i b e d ,  C R 2 8 A 1  b e i n g  
s i m p l y  c a l c u l a t e d .  Z  a n d  Z '  a r e  t h e  o b s e r v e d  c o u n t s  i n  t h e  2 8 A 1  p h o t o p e a k  
f o l l o w i n g  e a c h  e x p e r i m e n t .  A f t e r  c o r r e c t i o n s  f o r  f l u x  d i f f e r e n c e s ,  t h e  
r a t i o  X : Y  w a s  o b t a i n e d  a s  9 8 . 5 : 1 . 5 % ;  w e l l  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r  o f  
t h e  m e a s u r e m e n t .  I t  w a s  t h e r e f o r e  c o n c l u d e d  t h a t  t h e  2 8 A 1  i s o t o p e  w a s  
e n t i r e l y  a t t r i b u t a b l e  t o  t h e  p r e s e n c e  o f  A l  i n  t h e  s a m p l e .  T h i s  a s s u m p t i o n  
c o u l d  n o t  b e  m a d e  f o r  t h e  s t a n d a r d  m a t e r i a l s  s u c h  a s  B o w e n s  K a l e  i n  w h i c h  
A l ,  S i  a n d  P  a r e  p r e s e n t  a t  c o n c e n t r a t i o n s  o f  3 7 . 5 ,  2 3 7  a n d  4 5 1 0  y g / g  
( B o w e n ,  1 9 7 4  a n d  1 9 7 5 ) .  A  c a l i b r a t i o n  f a c t o r  f o r  A l  w a s  o b t a i n e d  b y  
u s i n g  t h e s e  v a l u e s  c o m b i n e d  w i t h  m e a s u r e m e n t s  m a d e  i n  t h e  I C I S  f a c i l i t y  
u s i n g  s t a n d a r d s  w h i c h  i n d i c a t e d  t h a t  t h e s e  t h r e e  e l e m e n t s  c o n t r i b u t e  1 7 0 ,
3 . 9  a n d  1 . 4  c o u n t s / m g  r e s p e c t i v e l y  t o  t h e  2 8 A 1  p h o t o p e a k  a r e a  ( M i n s k i ,  1 9 7 7 ) .
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D u e  t o  t h e  d e s t r u c t i o n  o f  s e v e r a l  o f  t h e  f i l t e r s ,  e l e m e n t a l  r e s u l t s  
w e r e  o n l y  o b t a i n e d  f o r  9  o u t  o f  t h e  1 2  d a y s ;  a l l  d a t a  a r e  t h e r e f o r e  p r e s e n t e d  
f o r  t h e  9  d a y s  o n l y .  F i g s .  ( 4 . 2 a )  a n d  ( 4 . 2 b )  s h o w  t h e  m e a s u r e d  t i m e  
v a r i a t i o n s  o n  a  6 - h o u r l y  b a s i s  i n  f i l t e r  o b s c u r a t i o n ,  t r a f f i c  f l o w ,  a i r  
t e m p e r a t u r e ,  w i n d  s p e e d ,  s u n s h i n e ,  r a i n f a l l ,  a t m o s p h e r i c  p r e s s u r e  a n d  
h u m i d i t y  ( B a r t r a m ,  1 9 7 6 ) ,  w h i l s t  F i g s .  ( 4 . 3 a )  a n d  ( 4 . 3 b )  p r e s e n t  t h e  
c o r r e s p o n d i n g  v a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  t h e  e l e m e n t s  A l ,  V ,  C r ,  M n ,
Z n ,  B r ,  S b  a n d  I  w h i c h  w e r e  t h e  t o t a l  n u m b e r  o f  e l e m e n t s  b o t h  m e a s u r a b l e  
a n d  d i s t i n g u i s h a b l e  f r o m  t h e  b l a n k  i n t e r f e r e n c e s  i n  t h e  m a j o r i t y  o f  s a m p l e s  
b y  t h e  c o m b i n e d  I N A A  t e c h n i q u e s  p r e v i o u s l y  d e s c r i b e d .  B l a n k  v a l u e s  o r  
d e t e c t i o n  l i m i t s  h a v e  b e e n  i n c l u d e d  i n  t h e s e  f i g u r e s  w h e r e  a p p r o p r i a t e .
T o  a v o i d  c o n f u s i o n ,  e r r o r s  h a v e  n o t  b e e n  i n d i c a t e d  b u t  a r e  l i s t e d  s e p a r a t e l y .  
T h e  t o t a l  p e r c e n t a g e  e r r o r  ( a t Q t % )  a s s o c i a t e d  w i t h  a n  i n d i v i d u a l  d e t e r m i n a t i o n  
w a s  c a l c u l a t e d  b y :
4.6  R e s u l t s  and D iscu ss io n
r  2  -  
o  ,
a 2 %  +
r  2  -| 
° p c  %  +  a ? %
.  P S  V  _
n  c  
c
w h e r e  a  , a  , a n d  a  r e f e r  t o  t h e  s t a n d a r d  d e v i a t i o n s  i n  t h e  p h o t o p e a k  
p s  p b  p c  r  r
a r e a s  o f  t h e  u n k n o w n  s a m p l e  ( s ) , b l a n k  ( b )  a n d  c e r t i f i e d  s t a n d a r d  ( c ) , 
r e s p e c t i v e l y ,  n ^  a n d  n ^  a r e  t h e  n u m b e r  o f  r e p l i c a t e  b l a n k s  a n d  c e r t i f i e d  
s t a n d a r d s  a n a l y s e d  a n d  i s  t h e  p u b l i s h e d  u n c e r t a i n t y  i n  t h e  c e r t i f i c a t i o n  
o f  t h e  s t a n d a r d .  T h e s e  v a r i o u s  c o m p o n e n t s  a r e  i t e m i s e d  i n  T a b l e  ( 4 . 6 ) .
S t a n d a r d  S m o k e  a n d  S 0 2  l e v e l s  w e r e  a v a i l a b l e  a s  d a i l y  m e a s u r e m e n t s  a n d  
t h e s e  a r e  p l o t t e d  i n  F i g s .  ( 4 . 4 a )  a n d  ( 4 . 4 b )  t o g e t h e r  w i t h  t h e  c a l c u l a t e d  
d a i l y -  a v e r a g e s  o f  A l ,  V ,  M n ,  B r ,  S b  a n d  I  c l e a r l y  d e m o n s t r a t i n g  t h e  o v e r a l l  
t r e n d s  d u r i n g  t h e  s a m p l i n g  p e r i o d  b y  ’ i r o n i n g - o u t *  d i u r n a l  f l u c t u a t i o n s .  C r  
a n d  Z n  w e r e  o m i t t e d  a s  t h e i r  d e t e c t i o n  w a s  l i m i t e d  t o  f e w e r  s a m p l e s .
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Table (4 .6 )  U n c e r ta in t i e s  in  e le m e n ta l  c o n c e n t ra t io n s
E l e m e n t S c h e m e a  %  
p s
0  "U
%
" b
r 2  n i
%  +  0  %  
n  c  
c
0 .  . %  
t o t
A l [ 5 ] 1 . 0 5 . 5 2 5 . 2 6 .
V [ 5 ] 1 . 4 - 1 4 . 1 4 .
C r [ 9 ] 5 . 0 6 . 7 1 3 . 2 1 6 .
M n [ 5 ] 3 . 5 - 1 0 . 5 n .
Z n [ 9 3 7 . 0 - 1 3 . 1 5 .
B r [ 5 ] 1 . 0 8 . 5 9 . 7 1 0 .
S b [ 9 ] 8 . 0 - 1 2 . 9 1 5 .
I [ 5 ] 1 0 . - 2 5 . 2 7 .
V a r i o u s  g e n e r a l  o b s e r v a t i o n s  m a y  b e  m a d e  c o n c e r n i n g  t h e s e  r e s u l t s .
i )  T h e  w e a t h e r ,  a l t h o u g h  p o o r  a t  t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t ,  
w i t h  r a i n ,  m i n i m a l  s u n s h i n e  a n d  m o d e r a t e  w i n d s ,  i m p r o v e d  d u r i n g  t h e  s e c o n d  
w e e k  t o  c o n d i t i o n s  t y p i c a l l y  e x p e c t e d  i n  A u g u s t ,  n a m e l y  c l e a r  s k i e s ,  l i g h t  
w i n d s  a n d  f a i r  w e a t h e r  c h a r a c t e r i s t i c  o f  a n  a n t i - c y c l o n e .
i i )  S u p e r i m p o s e d  o n  t h i s  w e a t h e r  p a t t e r n  a r e  t h e  e x p e c t e d  d i u r n a l  
v a r i a t i o n s  c l e a r l y  s e e n  i n  t h e  t e m p e r a t u r e ,  s u n s h i n e ,  h u m i d i t y  a n d ,  ' t o  a  
l e s s e r  e x t e n t ,  w i n d  s p e e d  d a t a .
i i i )  T r a f f i c  f l o w  a l s o  e x h i b i t s  t h e s e  d a i l y  f l u c t u a t i o n s ,  w i t h  l e s s  
t r a f f i c  m o v e m e n t  t h r o u g h  t h e  c i t y  d u r i n g  t h e  w e e k e n d  a n d  M o n d a y ,  w h i c h  
w a s  a  B a n k  H o l i d a y .
i v )  E l e m e n t a l  c o n c e n t r a t i o n s  i n  t h e  a i r  p a r t i c u l a t e s  s a m p l e d  a r e  
a l l  h i g h e r  t o w a r d s  t h e  l a t t e r  p a r t  o f  t h e  e x p e r i m e n t  c o r r e s p o n d i n g  w i t h  t h e  
p e r i o d  o f  f i n e  w e a t h e r .  T h i s  t r e n d  i s  m o s t  c l e a r l y  s e e n  i n  t h e  d a i l y  a v e r a g e ^
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r e s u l t s ,  t h e  c o n c e n t r a t i o n s  i n  s o m e  c a s e s  c l o s e l y  f o l l o w i n g  t h e  v a r i a t i o n  
i n  a t m o s p h e r i c  p r e s s u r e .  S t a n d a r d  U r b a n  S m o k e  a n d  S 0 2  l e v e l s  b e h a v e d  
s i m i l a r l y .
4 . 6 . 1  M e t e o r o l o g i c a l  e f f e c t s
T h e  c o i n c i d e n c e  o f  a n t i - c y c l o n i c  c o n d i t i o n s  a n d  e l e v a t e d  l e v e l s  o f  
a i r  p o l l u t i o n  i s  a  w e l l - d o c u m e n t e d  p h e n o m e n o n  ( S t e r n , 1 9 7 6 ) .  A n  a n t i ­
c y c l o n e  c o n s i s t s  o f  a  l o w - l e v e l  d i v e r g i n g  a i r  f l o w  f r o m  a  r e g i o n  o f  h i g h  
p r e s s u r e ,  w h i c h  s p i r a l s  o u t w a r d s  i n  a  c l o c k w i s e  d i r e c t i o n  ( N o r t h e r n  
h e m i s p h e r e )  d u e  t o  t h e  C o r i o l i s  f o r c e s  a c t i n g  o n  i t .  T h e  d i m e n s i o n s  o f  
c o m m o n l y  o c c u r r i n g  a n t i c y c l o n e s  a r e  f r o m  1 0 0  t o  1 0 0 0  k m .  M i g r a t o r y  a n t i ­
c y c l o n e s  i n  t h e  t e m p e r a t e  z o n e s ,  f o r m e d  b y  c o n f r o n t a t i o n s  b e t w e e n  a r c t i c  
a n d  t r o p i c a l  a i r ,  h a v e  a  l i f e t i m e  o f  a  f e w  w e e k s  a n d  d r i f t  w i t h  t h e  p r e v a i l i n g  
w e s t e r l y  w i n d s  a t  a b o u t  8 0 0  k m / d a y .  A i r  p o l l u t i o n  i n c i d e n t s  a r e  r e l a t e d  t o  
a n t i - c y c l o n e s  t h r o u g h  t h e i r  a s s o c i a t e d  i n v e r s i o n  l a y e r s .  T h e s e  a r e  l a y e r s  
o f  a i r ,  u s u a l l y  c l o s e  t o  t h e  g r o u n d ,  w h e r e  t e m p e r a t u r e  i n c r e a s e s  w i t h  h e i g h t .  
U n d e r  t h e s e  c o n d i t i o n s  a  r i s i n g  a i r  p a r c e l  i s  c o o l e r  t h a n  i t s  s u r r o u n d i n g s ,  
b e c o m e s  l e s s  b u o y a n t  a n d  r e t u r n s ,  t h u s  t h e  a i r  p a r c e l  e x i s t s  i n  a n  e x t r e m e l y  
s t a b l e  s i t u a t i o n  i n  w h i c h  v e r t i c a l  m i x i n g  i s  m i n i m a l .  F u r t h e r m o r e ,  t h e  
l i g h t  w i n d s ,  s y n o n y m o u s  w i t h  a n t i - c y c l o n i c  w e a t h e r ,  p r e v e n t  h o r i z o n t a l  
m i x i n g .  A i r  p o l l u t a n t s  a r e  e f f e c t i v e l y  t r a p p e d  i n  t h e  i n v e r s i o n  l a y e r ,  
c l o s e  t o  t h e i r  s o u r c e ,  b e i n g  u n a b l e  t o  d i s p e r s e  w h i l s t  t h e  i n v e r s i o n  
p e r s i s t s .  I f  t h e  a n t i - c y c l o n e  s t a g n a t e s ,  r e m a i n i n g  s t a t i o n a r y  f o r  a  
c o n s i d e r a b l e  p e r i o d  o f  t i m e ,  t h e  a c c u m u l a t i o n  o f  p o l l u t a n t s  m a y  h a v e  
d i s a s t r o u s  c o n s e q u e n c e s ,  a s  w a s  t h e  c a s e ,  f o r  e x a m p l e ,  i n  L o n d o n  f r o m  5 t h  t o  
9 t h  D e c e m b e r ,  1 9 5 2 ,  w h e r e  S 0 ^  a n d  a t m o s p h e r i c  p a r t i c u l a t e s  w e r e  r e s p o n s i b l e  
f o r  a p p r o x i m a t e l y  4 0 0 0  e x c e s s  d e a t h s  ( S t e r n ,  1 9 7 6 ) .
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I n v e r s i o n s  r e l a t e d  t o  a n t i - c y c l o n e s  a r e  u s u a l l y  e i t h e r  ' s u b s i d e n c e  
i n v e r s i o n s ’ o r  ' r a d i a t i o n  i n v e r s i o n s ' .  T h e  f o r m e r  a r e  p r o d u c e d  w h e n  c o l d  
s u b s i d i n g  a i r  a t  t h e  c e n t r e  o f  t h e  a n t i - c y c l o n e  ( w h i c h  r e s u l t s  i n  t h e  h i g h  
p r e s s u r e  o b s e r v e d  a t  s e a  l e v e l )  i s  w a r m e d  b y  c o m p r e s s i o n  a s  i t  d e s c e n d s .
T h e  u p p e r  l a y e r s  d e s c e n d  t h e  f u r t h e s t ,  e x p e r i e n c e  t h e  g r e a t e s t  p r e s s u r e  
c h a n g e  a n d  t h u s  t h e  l a r g e s t  t e m p e r a t u r e  i n c r e a s e .  I f  t h i s  t e m p e r a t u r e  
i n c r e a s e  i s  s u f f i c i e n t ,  a n  i n v e r s i o n  w i l l  r e s u l t .  R a d i a t i o n  i n v e r s i o n s  
o c c u r  m o s t l y  a t  n i g h t .  T h e  g r o u n d ,  h e a t e d  t h r o u g h o u t  t h e  d a y  b y  t h e  s u n ,  
r a p i d l y  c o o l s  a t  n i g h t  w h e n  c l e a r  s k i e s  e n h a n c e  r a d i a n t  l o s s e s .  A s  a  
c o n s e q u e n c e ,  a i r  c l o s e s t  t o  t h e  g r o u n d  l o s e s  t h e  m o s t  h e a t  b y  c o n d u c t i o n  
a n d  c o n v e c t i o n  p r o c e s s e s ,  a g a i n  c r e a t i n g  a n  i n v e r s i o n .  V e r y  o f t e n  t h e  p o o l  
o f  c o l d  a i r  b e l o w  a n  i n v e r s i o n  m a y  b e  c o n f i n e d  b y  t h e  l o c a l  t o p o g r a p h y .
D u r i n g  t h e  s e c o n d  w e e k  o f  s a m p l i n g ,  s u c h  m e t e o r o l o g i c a l  c o n d i t i o n s  
e x i s t e d  a n d  t h e  r e s u l t i n g  b u i l d - u p  o f  e l e m e n t s  i n  t h e  a i r  a t  s t r e e t  l e v e l  w a s  
e a s i l y  d e t e c t e d .  A  d e t a i l e d  d i s c u s s i o n  o f  t h e  i m p o r t a n c e  o f  t h e  m e t e o r o l o g i c a l  
d a t a  a n d  i t s  i n f l u e n c e  o n  t h e  o b s c u r a t i o n  m e a s u r e m e n t s  i s  t o  b e  f o u n d  e l s e ­
w h e r e  ( B a r t r a m ,  1 9  7 6 )  , b e i n g  o u t s i d e  t h e  s c o p e  o f  t h i s  w o r k .
4 . 6 . 2  P o l l u t a n t  s o u r c e s  a n d  e n r i c h m e n t  f a c t o r s
T h e  n e x t  q u e s t i o n  t o  b e  c o n s i d e r e d  i s  w h e t h e r  t h e  e l e m e n t a l  c o n c e n t r a t i o n s  
m e a s u r e d  i n  O x f o r d  C i t y - C e n t r e  a r e  t h e  r e s u l t  o f  l o c a l  p o l l u t a n t  s o u r c e s .  C a w s e  
( 1 9 7 6 ) ,  i n  a  s u r v e y  o f  t h e  a t m o s p h e r i c  t r a c e  e l e m e n t s  i n  t h e  U . K . ,  p u b l i s h e d  
a v e r a g e  1 9 7 5  v a l u e s  f o r  t h e  r u r a l  a e r o s o l  s a m p l e d  a t  C h i l t o n ,  o n l y  s o m e  
2 0  k m  S o u t h  o f  O x f o r d .  T h e s e  a r e  p r e s e n t e d  i n  T a b l e  ( 4 . 7 )  t o g e t h e r  w i t h  t h e  
m e a n s  a n d  r a n g e s  m e a s u r e d  i n  t h i s  s t u d y .  W i t h  t h e  e x c e p t i o n  o f  c h r o m i u m  a n d  
b r o m i n e ,  t h e  C h i l t o n  l e v e l s  a r e  i n  c l o s e  a g r e e m e n t  w i t h  t h o s e  o f  O x f o r d  C i t y -  
C e n t r e .  T h e  m e a n  v a l u e s  f o r  c h r o m i u m  a n d  b r o m i n e  a r e ,  h o w e v e r ,  >  7  a n d  >  1 1  
t i m e s  h i g h e r ,  r e s p e c t i v e l y ,  t h a n  t h o s e  a t  C h i l t o n  i n d i c a t i n g  l o c a l  o r i g i n .
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Table (4 .7 )  Trace e lem en t c o n c e n t r a t io n s  o f  a i r  p a r t i c u l a t e s
O x f o r d ,  1 9 7 5  ( t h i s  w o r k ) C h i l t o n ,  1 9 7 5  ( C a w s e ,  1 9 7 6 )
E l e m e n t A v e r a g e  C o n c e n t r a t i o n R a n g e A v e r a g e  C o n c e n t r a t i o n
( n g . m “ 3 ) ( n g . m - 3 ) ( n g . m “ 3 )
A l 2 6 0 <  9 7 . 6 - 1 0 5 7 2 5 7
V 1 1 0 . 8 - 4 1 . 5 1 3
C r 1 8 <  1 2 . 5 - 1 2 0 . 5 2 . 5
M n 1 7 <. 2 . 4 - 5 0 . 7 1 1 . 4
Z n 1 2 0 <  6 0 - 3 2 5 9 1
B r 3 7 0 4 0 - 9  7 2 3 2
S b 2 . 7 0 . 2 8 - 8 . 9 4 2 ; 2
I 1 . 5 <  0 . 9 - 3 . 0 3 3 . 9
I n  a n  a i r  p o l l u t i o n  s t u d y  o f  G u i l d f o r d ,  H a s a n  a n d  S p y r o u  ( 1 9 7 2 )  
r e c o r d e d  m e a n  c o n c e n t r a t i o n s  d u r i n g  A u g u s t ,  1 9 7 1 ,  f o r  A l ,  V  a n d  M n  o f  4 . 0 ,
0 . 5 5  a n d  0 . 0 2 9  y g  n T 3  r e s p e c t i v e l y  a t  a  s a m p l i n g  s i t e  i n  t h e  C i t y  C e n t r e .
T h e s e  l e v e l s  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  o f  O x f o r d ;  v a n a d i u m  e s p e c i a l l y  
i s  p r e s e n t  i n  c o n c e n t r a t i o n s  a, 5 0  t i m e s  h i g h e r .  H o w e v e r ,  d u r i n g  t h e  p e r i o d  
2 9 / 1 2 / 7 1 - 2 9 / 1 / 7 2  t h e  m e a n  v a n a d i u m  c o n c e n t r a t i o n  i n  G u i l d f o r d  i n c r e a s e d  t o  
4  j i g  m - 3 , a  f a c t o r  o f  a. 3 6 0  t i m e s  h i g h e r  t h a n  t h e  A u g u s t  l e v e l  m e a s u r e d  
i n  t h i s  s t u d y  a n d  t w i c e  t h e  g e n e r a l  p o p u l a t i o n  q u a l i t y  s t a n d a r d  s e t  b y  t h e  
S o v i e t  U n i o n  a t  2  y g  m " 3  ( H a s a n  a n d  S p y r o u ,  1 9 7 2 ) .
S e v e r a l  a u t h o r s  ( G o r d o n  e t  a l . ,  1 9 7 4 ;  C a w s e ,  1 9 7 4 ;  J e r v i s  e t  a l . ,  1 9 7 6 )  
h a v e  f o u n d  t h e  c a l c u l a t i o n  o f  a n ’e n r i c h m e n t  f a c t o r 1 ( E F )  u s e f u l  i n  d e t e r m i n i n g  
t h e  o r i g i n  o f  e l e m e n t s  f o u n d  i n  a i r  p a r t i c u l a t e s .  M e a s u r e d  c o n c e n t r a t i o n s  
v a r y  c o n s i d e r a b l y  w i t h  m e t e o r o l o g i c a l  c o n d i t i o n s  a n d  t h u s  p r o v i d e  o n l y  
l i m i t e d  i n f o r m a t i o n ,  b u t  t h e  E F  i n d i c a t e s  t h e  e n r i c h m e n t  o f  a n  e l e m e n t  i n  t h e  
a t m o s p h e r e  w i t h  r e s p e c t  t o  i t s  n a t u r a l  a b u n d a n c e  i n  t h e  e a r t h ’ s  c r u s t .  
G e n e r a l l y ,  E F  i s  t h e  r a t i o  o f  n o r m a l i s e d  a t m o s p h e r i c  a n d  c r u s t a l  c o n c e n t r a ­
t i o n s  o f  a n  e l e m e n t  d e f i n e d  a s
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EP -  . - T T - g a g g -  ( 4 . 2 )
( x / c ) c r u s t a l
w h e r e  x  a n d  c  a r e  c o n c e n t r a t i o n s  o f  t h e  e l e m e n t  o f  i n t e r e s t  a n d  a n  
a p p r o p r i a t e l y  c h o s e n  n o r m a l i s i n g  e l e m e n t  r e s p e c t i v e l y .  A u t h o r s  d i f f e r  o n  
t w o  c o u n t s  w i t h  r e g a r d  t o  t h e  c a l c u l a t i o n  o f  E F ' s ,  F i r s t l y ,  o n  t h e  u s e  o f  
c r u s t a l  c o n c e n t r a t i o n s  C a w s e ( 1 9 7 4 )  p r e f e r r i n g  t o  u s e  l o c a l  s o i l  a n a l y s e s  
r a t h e r  t h a n  d o c u m e n t e d  c r u s t a l  c o n c e n t r a t i o n s  ( J e r v i s  e t  a l . ,  1 9 7 6 ;  O b r u s n i k  
e t  a l . ,  1 9 7 6 ) ,  T h e r e  a r e  o b v i o u s  m e r i t s  t o  b o t h  m e t h o d s ;  a i r  p a r t i c u l a t e s  
m a y  b e  e x p e c t e d  t o  c o n s i s t  i n  p a r t  o f  l o c a l  w i n d  b l o w n  d u s t  w h i c h  w o u l d  b e  
r e f l e c t e d  i n  E F ' s  b a s e d  o n  a n a l y s e s  o f  l o c a l  s o i l s .  N e v e t l i e l e s s ,  i t  i s  
c e r t a i n l y  t h e  c a s e ,  e s p e c i a l l y  w i t h  t h e  s m a l l e r  d i a m e t e r  p a r t i c u l a t e s  a n d  
g a s e o u s  p o l l u t a n t s ,  w h i c h  p a s s  t h r o u g h  t h e  t r o p o s p h e r e  ( u p  t o  1 5  k m  a l t i t u d e )  
t o  r e a c h  t h e  s t r a t o s p h e r e  ( u p  t o  5 0  k m  a l t i t u d e ) , t h a t  t h e y  m a y  b e  t r a n s ­
p o r t e d  o n  a  w o r l d  w i d e  s c a l e  ( C a w s e ,  1 9 7 7 ) .  E F ' s  c a l c u l a t e d  u s i n g  c r u s t a l  
a b u n d a n c e s  w o u l d  b e  m o r e  a p p r o p r i a t e  i n  t h i s  s i t u a t i o n ,  a l s o  p e r m i t t i n g  
i n t e r c o m p a r i s o n  o f  r e s u l t s  f r o m  w i d e l y  s e p a r a t e d  g e o g r a p h i c a l  l o c a t i o n s .
T h e  s e c o n d  d i f f e r e n c e  b e t w e e n  a u t h o r s  i s  i n  t h e  c h o i c e  o f  a  n o r m a l i s i n g  
e l e m e n t ,  w h i c h  s h o u l d  b e  p r e d o m i n a n t l y  o f  n a t u r a l  o r i g i n ,  s o  t h a t  a  l a r g e  E F  
v a l u e  f o r  a  p a r t i c u l a r  e l e m e n t  i n d i c a t e s  a n  a u t h r o p o g e n i c  s o u r c e  w h i l s t  o n e  
a r o u n d  u n i t y  s u g g e s t s  a  n a t u r a l  p o l l u t a n t .  A l u m i n i u m  ( J e r v i s  e t  a l , ,  1 9 7 6 ;  
O b r u s n i k  e t  a l . ,  1 9 7 6 ;  M a e n h a u t  a n d  Z o l l e r ,  1 9 7 6 ) ,  s c a n d i u m  ( C a w s e ,  1 9 7 4 )  a n d  
i r o n  ( O l m e z  a n d  A r a s , 1 9 7 6 )  h a v e  a l l  b e e n  u s e d ,  c h o i c e  o f t e n  b e i n g  l i m i t e d  b y  
t h e  a n a l y t i c a l  t e c h n i q u e  a v a i l a b l e .  T h r e e  e n r i c h m e n t  f a c t o r s ,  a l l  n o r m a l i s e d  
t o  a l u m i n i u m ,  h a v e  b e e n  c a l c u l a t e d  f o r  t h e  O x f o r d  m e a s u r e m e n t s ,  e a c h  w i t h  
r e s p e c t  t o  a  d i f f e r e n t  s t a n d a r d ,  n a m e l y  t h e  E a r t h ' s  C r u s t  ( A h r e n s ,  1 9 6 5 ) ,  
C h i l t o n  s o i l  ( C a w s e ,  1 9 7 4 )  ( a l t h o u g h  C h i l t o n  a n d  O x f o r d  l i e  o n  d i f f e r e n t  
g e o l o g i c a l  f o r m a t i o n s ,  n a m e l y  c h a l k  a n d  O x f o r d  c l a y )  a n d  a n  a v e r a g e  s o i l  
( B o w e n ,  1 9 6 6 ) ,  T h e s e  a r e  l i s t e d  i n  T a b l e  ( 4 . 8 )  f r o m  w h i c h  i t  w o u l d  a p p e a r
(x /c )
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o n l y  m a n g a n e s e  ( a p a r t  f r o m  a l u m i n i u m )  c o u l d  b e  a t t r i b u t e d  f o r  t h e  m o s t  
p a r t  t o  n a t u r a l  o r i g i n s ,  t h e  o t h e r  e l e m e n t s  a n d  e s p e c i a l l y  b r o m i n e  h a v i n g  
l a r g e  E F  v a l u e s  i r r e s p e c t i v e  o f  t h e  m e t h o d  o f  c a l c u l a t i o n .
T a b l e  ( 4 . 8 )  E n r i c h m e n t  F a c t o r s  f o r  O x f o r d  A i r  P a r t i c u l a t e s  
( n o r m a l i s e d  t o  A l )
E l e m e n t
E . F .
w . r . t .  E a r t h ' s  C r u s t  
( A h r e n s ,  1 9 6 5 )
E . F .
w . r . t .  C h i l t o n  S o i l  
( C a w s e ,  1 9 7 4 )
E . F .
w . r . t .  A v e r a g e  S o i l  
( B o w e n ,  1 9 6 6 )
A l 1 1 1
V 2 5 . 7 2 5 . 4 3 0 . 0
C r 5 6 . 7 3 0 . 2 4 9 . 1
M n 5 . 6 5 1 . 7 1 5 . 4 6  "
Z n 5 4 1 . 8 5 . 2 6 5 5 .
B r 4 6 7 0 0 * 6 2 1 , 2 0 2 0 0 ,
S b 4 2 6 0 . >  7 1 . 2 1 2 3 ,
I 9 4 6 . - 8 1 . 9
4 . 6 . 3  C o r r e l a t i o n  c o e f f i c i e n t s
T h e  i n t e r - r e l a t i o n s h i p s  b e t w e e n  t h e  e l e m e n t a l  a n d  m e t e o r o l o g i c a l  d a t a  
a r e  s u m m a r i s e d  b y  t h e i r  c o r r e l a t i o n  c o e f f i c i e n t s ,  r ,  d e f i n e d  a s :
c o v a r i a n c e  
r  =  x , y
5 s t a n d a r d  d e v i a t i o n  x  s t a n d a r d  d e v i a t i o n
x  y
( 4 . 3 )
w h e r e  x  a n d  y  a r e  a n y  2  d a t a  s e t s  e a c h  w i t h  n  v a l u e s  a n d  m e a n s  x  a n d  y .  T h u s :
I  ( x . - x ) ( y . - y )  
1=1
x ,y
I  ( x ^ x ) 2 . I  ( y i - y )  
i = l  i = l
(4 .4 )
The m a tr ix  o f  c o r r e l a t i o n s  i s  p r e s e n te d  in  Table ( 4 .9 ) .  In  cases  where
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e l e m e n t a l  c o n c e n t r a t i o n s  w e r e  b e l o w  t h e  m i n i m u m  d e t e c t i o n  l e v e l ,  t h i s  
v a l u e  h a s  b e e n  a s s u m e d  i n  t h e  c a l c u l a t i o n  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t s . 
T h e  s i g n i f i c a n c e  o f  t h e s e  c o e f f i c i e n t s  m a y  b e  a s s e s s e d  b y  t h e  a p p r o x i m a t e  
t e s t  ( D a v i s ,  1 9 7 3 ) :
w h i c h  h a s  ( n  -  2 )  d e g r e e s  o f  f r e e d o m .  T h i s  t e s t  i s  d e r i v e d  f r o m  a  t e s t  f o r  t h e
s i g n i f i c a n c e  o f  t h e  c o r r e l a t i o n  b e t w e e n  t w o  s a m p l e s  d r a w n  f r o m  n o r m a l
p o p u l a t i o n s .  T h e  n u l l  h y p o t h e s i s  i s  t h a t  t h e  c o r r e l a t i o n  i s  z e r o .  T a b u l a t e d
c r i t i c a l  v a l u e s  o f  t  f o r  v  d e g r e e s  o f  f r e e d o m  a n d  s e l e c t e d  l e v e l s  o f  
k
s i g n i f i c a n c e  a r e  f o u n d  i n  m o s t  e l e m e n t a r y  s t a t i s t i c s  t e x t b o o k s .  T h u s  b y  
r e a r r a n g i n g  E q . ( 4 . 5 )  a n d  c h o o s i n g  v  =  3 4  ( e a c h  d a t a  s e t  c o n t a i n s  3 6  v a l u e s )  
t h e  t a b l e  o f  s i g n i f i c a n c e  l e v e l s  a n d  c o r r e s p o n d i n g  r - v a l u e s  w a s  o b t a i n e d  
( a l s o  i n c l u d e d  i n  T a b l e  ( 4 . 9 ) ) .  A l l  t h o s e  c o r r e l a t i o n s  w i t h  s i g n i f i c a n c e  
l e v e l  <  0 . 1 %  ( J r J  >  0 . 4 9 9 )  a r e  s h o w n  e n c l o s e d  i n  b o x e s  t o  e m p h a s i s e  t h e i r  
i m p o r t a n c e .
C e r t a i n  o b v i o u s  r e l a t i o n s h i p s  a r e  a p p a r e n t ,  s u c h  a s  t h o s e  b e t w e e n  
s u n s h i n e ,  h u m i d i t y  a n d  t e m p e r a t u r e ,  a n d ,  a s  s u c h ,  s e r v e  t o  i n s p i r e  c o n f i d e n c e  
i n  t h i s  t y p e  o f  a n a l y s i s .  R a i n f a l l  a n d  a i r  p r e s s u r e  f e a t u r e  n o  s t r o n g  
r e l a t i o n s h i p s  w i t h  t h e  o t h e r  d a t a  a c c o r d i n g  t o  t h e  c a l c u l a t e d  r - v a l u e s ,  
w h i c h  r e s u l t s  a r e  s o m e w h a t  d e c e p t i v e .  A i r  p r e s s u r e ,  f o r  e x a m p l e ,  d o e s  n o t  
e x h i b i t  t h e  d i u r n a l  v a r i a t i o n s  c h a r a c t e r i s t i c  o f  t h e  m a j o r i t y  o f  t h e  d a t a  
b u t  a s  m e n t i o n e d  p r e v i o u s l y ,  c o r r e l a t e s  q u i t e  w e l l  w i t h  t h e  d a i l y  a v e r a g e s
( 4 . 5 )
S i g n i f i c a n c e  l e v e l  r e f e r s  t o  t h e  p r o b a b i l i t y  o f  m a k i n g  a  T y p e  I  
s t a t i s t i c a l  e r r o r ,  n a m e l y  o f  r e j e c t i n g  t h e  n u l l  h y p o t h e s i s  w h e n  i t  i s  
i n  f a c t  c o r r e c t .
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o f  s o m e  e l e m e n t s  s e e n  i n  F i g s .  ( 4 . 4 a )  a n d  ( 4 . 4 b ) .  T h e  r - v a l u e s  w e r e  n o t  
c a l c u l a t e d  f o r  t h e  d a i l y  a v e r a g e d  m e a s u r e m e n t s  d u e  t o  t h e  l i m i t e d  n u m b e r  
o f  d a t a  a v a i l a b l e .  R a i n f a l l ,  o n  t h e  o t h e r  h a n d ,  o c c u r r e d  o n  o n l y  t w o  
d a y s  f o r  w h i c h  r e s u l t s  w e r e  o b t a i n e d ,  t h i s  i n f o r m a t i o n  b e i n g  i n s u f f i c i e n t  
t o  d e m o n s t r a t e  p o s s i b l e  ' w a s h o u t ' .  I t  i s ,  h o w e v e r ,  n o t i c e a b l e  t h a t  t h e  
r - v a l u e s  r e s u l t i n g  f r o m  p a i r i n g  w i t h  a l l  t h e  e l e m e n t s  a r e  n e g a t i v e .
M o r e  i n t e r e s t i n g  a r e  t h e  c o r r e l a t i o n s  b e t w e e n  f i l t e r  o b s c u r a t i o n  a n d  
6  o u t  o f  t h e  8  t r a c e  e l e m e n t s  s h o w i n g  t h a t  s i m p l e  r e f l e c t a n c e  m e a s u r e m e n t s  
m a y  b e  a  g o o d  i n d i c a t i o n  o f  e l e m e n t a l  c o n c e n t r a t i o n s  i n  t h e  a t m o s p h e r e .
T h e  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  w i n d  s p e e d  a n d  o b s c u r a t i o n  d i s p l a y s  t h e  
a b i l i t y  o f  t h e  w i n d  t o  d i s p e r s e  p o l l u t a n t s  ( a l s o  r e f l e c t e d  i n  t h e  n e g a t i v e  
c o r r e l a t i o n s  w i t h  V ,  B r  a n d  I ) ,  a g a i n ,  a  w e l l  k n o w n  p h e n o m e n o n .
T a b l e  ( 4 . 9 )  a l s o  s h o w s  t h a t  s e v e r a l  s t r o n g  c o r r e l a t i o n s  e x i s t  b e t w e e n  
t h e  v a r i o u s  e l e m e n t s  m e a s u r e d ;  a n t i m o n y  p a r t i c u l a r l y ,  b e i n g  s i g n i f i c a n t l y  
a s s o c i a t e d  w i t h  a l l  o t h e r  e l e m e n t s ,  e s p e c i a l l y  b r o m i n e .  I n  o r d e r  t o  d e m o n ­
s t r a t e  t h e  ' s t r e n g t h '  o f  c o r r e l a t i o n  f o r  a  s p e c i f i c  r - v a l u e ,  a  s c a t t e r  
d i a g r a m ,  F i g .  ( 4 . 5 ) ,  h a s  b e e n  p l o t t e d  o f  b r o m i n e  v e r s u s  a n t i m o n y  s h o w i n g  
t h e  a c t u a l  s p r e a d  o f  t h e  d a t a .  T h i s  e l e m e n t  p a i r  w a s  c h o s e n  f o r  i t s  l a r g e  
r - v a l u e  a n d  t h e  f a c t  t h a t  t h e r e  w e r e  n o  m i s s i n g  d a t a  d u e  t o  t h e  i n f l u e n c e  
o f  t h e  b l a n k  o r  t h e  m i n i m u m  d e t e c t i o n  l e v e l .  O b v i o u s l y  a  c e r t a i n  p r o p o r t i o n  
o f  t h e  s p r e a d  i n  d a t a  m a y  b e  a t t r i b u t e d  t o  t h e  u n c e r t a i n t i e s  i n  p h o t o p e a k  
a r e a  d e t e r m i n a t i o n ,  w h i c h  f r o m  T a b l e  ( 4 . 6 )  w e r e  1 %  a n d  8 %  f o r  b r o m i n e  a n d  
a n t i m o n y  r e s p e c t i v e l y .
4 . 6 . 4  C l u s t e r  a n a l y s i s
- I n  o r d e r  t o  s u m m a r i s e ,  i n  a  c o n v e n i e n t  a n d  r e a d i l y  u n d e r s t a n d a b l e  
f o r m ,  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h e  c o r r e l a t i o n  m a t r i x ,  t h e  t e c h n i q u e
-  132 -
o f  c l u s t e r  a n a l y s i s  h a s  b e e n  e m p l o y e d .  T h i s  i s  a  n o n - s t a t i s t i c a l  m e t h o d  
o f  c l a s s i f y i n g  d a t a  i n t o  m o r e  o r  l e s s  h o m o g e n e o u s  g r o u p s ,  i n  a  m a n n e r  
s o  t h a t  t h e  r e l a t i o n  b e t w e e n  g r o u p s  i s  r e v e a l e d  ( D a v i s ,  1 9 7 3 ) .
O r i g i n a l l y  d e v e l o p e d  b y  t a x o n o m i s t s  i n  a n  a t t e m p t  t o  d e d u c e  t h e  l i n e a g e  
o f  l i v i n g  c r e a t u r e s  f r o m  t h e i r  c h a r a c t e r i s t i c s  a n d  s i m i l a r i t i e s ,  t h i s  
t e c h n i q u e  i s  r a p i d l y  f i n d i n g  a p p l i c a t i o n s  i n  m a n y  d i v e r s e  f i e l d s  o f  s t u d y .
T h e  c l u s t e r i n g  m e t h o d  i s  f u l l y  d e s c r i b e d  i n  A p p e n d i x  I I I  a n d  o n l y  t h e  
f i n a l  r e s u l t s  a r e  d i s c u s s e d  h e r e .  F i g .  ( 4 . 6 )  s h o w s  t h e  ' d e n d r o g r a m '  
u l t i m a t e l y  o b t a i n e d  f r o m  c l u s t e r  a n a l y s i s  p e r f o r m e d  o n  t h e  ' a t t r i b u t e s '  
( m e a s u r e d  d a t a )  o f  e a c h  ' o b j e c t '  ( 6 - h o u r l y  m e a s u r e m e n t ) .  T h e  a n a l y s i s  i s  
b a s e d  o n  t h e  s i m i l a r i t y  b e t w e e n  t h e  a t t r i b u t e s ,  i . e .  t h e  c o r r e l a t i o n  
c o e f f i c i e n t ,  w h i c h  i s  i n d i c a t e d  b y  t h e  h o r i z o n t a l  s c a l e .  T h e  a t t r i b u t e s ,  
l i s t e d  v e r t i c a l l y ,  a r e  l i n k e d  t o g e t h e r  a t  s i m i l a r i t y  l e v e l s  d e f i n e d  b y  t h e  
j u n c t i o n  p o i n t s  o f  t h e  d e n d r o g r a m .  A s  c a n  b e  s e e n ,  t h e  c l u s t e r s  s o  f o r m e d  
o u t l i n e  t h e  s t r u c t u r e  o f  t h e  c o r r e l a t i o n  m a t r i x .  T h e  8  t r a c e  e l e m e n t s ,  
t o g e t h e r  w i t h  f i l t e r  o b s c u r a t i o n ,  f o r m  a  d i s t i n c t  c l u s t e r  a s  d o  t r a f f i c  
f l o w ,  t e m p e r a t u r e  a n d  s u n s h i n e .  A i r  p r e s s u r e ,  a s  a l r e a d y  m e n t i o n e d ,  f i n d s  
i t s e l f  a l m o s t  u n r e l a t e d  t o  a n y  o f  t h e  o t h e r  a t t r i b u t e s ,  w h i l s t  w i n d  s p e e d ,  
h u m i d i t y  a n d  r a i n f a l l  f o r m  a  v e r y  s e p a r a t e  c l u s t e r  o f  t h e i r  o w n .
T h e  c l u s t e r  a n a l y s i s  m e t h o d ,  a s  e m p l o y e d  h e r e ,  s u f f e r s  f r o m  t h e  
d i s a d v a n t a g e  t h a t  s t r o n g  n e g a t i v e  c o r r e l a t i o n s  b e t w e e n  a t t r i b u t e s  a r e  n o t  
i m m e d i a t e l y  a p p a r e n t  f r o m  i n s p e c t i o n  o f  t h e  d e n d r o g r a m  a l t h o u g h  t h e y  m a y  
n e v e r t h e l e s s  b e  h i g h l y  s i g n i f i c a n t .  A  c l a s s i c  e x a m p l e  i s  t h e  c a s e  o f  
h u m i d i t y  a n d  t e m p e r a t u r e .
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F i g .  ( 4 . 5 )  : S c a t t e r  d i a g r a m  o f  b r o m i n e  v e r s u s  a n t i m o n y .
Sim ilarity (r)----------------+►
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F ig .  (4 .6 )  : Dendrogram r e s u l t i n g  from WPGMA c l u s t e r  a n a l y s i s .
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O n e  o f  t h e  m o s t  i m p o r t a n t  l e s s o n s  t o  b e  l e a r n e d  f r o m  t h i s  s t u d y  
i s  t h e  c o r r e c t  c h o i c e  o f  f i l t e r  m e m b r a n e  f o r  a i r  p a r t i c u l a t e  s a m p l i n g .
S p y r o u  e t  a l .  ( 1 9 7 6 )  c o n f i r m s  t h e  f i n d i n g s  t h a t  M i l l i p o r e  f i l t e r s  a r e  
p a r t i c u l a r l y  u n s u i t a b l e  f o r  t r a c e  e l e m e n t  a n a l y s i s ,  t h e  h i g h  i m p u r i t y  
l e v e l s  s i g n i f i c a n t l y  w o r s e n i n g  d e t e c t i o n  l i m i t s  f o r  t h e  e l e m e n t s  o f  
i n t e r e s t .
T h e  b e s t  r e s u l t s  f r o m  I N A A  w e r e  o b t a i n e d  u s i n g  t h e  s h o r t  c o n v e n t i o n a l  
i r r a d i a t i o n  s c h e m e  w i t h  a d d i t i o n a l  i n f o r m a t i o n  b e i n g  p r o v i d e d  b y  a  f u r t h e r  
i r r a d i a t i o n  l a s t i n g  o n e  w e e k  f o l l o w e d  b y  ' c o o l i n g '  o f  a  s i m i l a r  p e r i o d  
p r i o r  t o  c o u n t i n g .  C y c l i c  a c t i v a t i o n ,  i n  i t s  p r e s e n t  s t a t e ,  w a s  f o u n d  
t o  b e  o f  n o  b e n e f i t  d u e  t o  . t h e  h i g h  i m p u r i t y  l e v e l s  o f  t h e  c o m b i n e d  f i l t e r  
a n d  p o l y t h e n e  c a p s u l e  ' b l a n k s ' .
A l t h o u g h  r e s u l t s  w e r e  o n l y  o b t a i n e d  f o r  a  l i m i t e d  n u m b e r  o f  e l e m e n t s  
p r e s e n t  i n  t h e  O x f o r d  c i t y  a t m o s p h e r e ,  t h e y  a r e  r e p r e s e n t a t i v e  o f  a t  l e a s t  
t w o ,  b u t  p r o b a b l y  t h r e e ,  p o l l u t i o n  s o u r c e s .  A l u m i n i u m ,  a n d  t o  a  c e r t a i n  
e x t e n t  m a n g a n e s e ,  m a y  b e  a t t r i b u t e d  t o  n a t u r a l  s o u r c e s  s u c h  a s  w i n d - b l o w n  
s o i l .  T h e  c o n c e n t r a t i o n s  o f  v a n a d i u m  i n  t h e  O x f o r d  a e r o s o l  a r e  b e t w e e n  1  
a n d  2  o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h o s e  r e p o r t e d  i n  r e m o t e  n o n - u r b a n  
r e g i o n s  r e s u l t i n g  p r i n c i p a l l y  f r o m  t h e  c o m b u s t i o n  o f  f u e l  o i l s  a n d  p e t r o l e u m  
( Z o l l e r  e t  a l , ,  1 9 7 3 ) .  T h e  m e a s u r e m e n t s  b y  H a s a n  a n d  S p y r o u  ( 1 9 7 2 )  a l s o  
i n d i c a t e  t h a t  v a n a d i u m  m a y  o r i g i n a t e  f r o m  t h e  b u r n i n g  o f  o i l  ( f o r  h e a t i n g  
p u r p o s e s ) ,  s i n c e  G u i l d f o r d  l e v e l s  i n  1 9 7 1  w e r e  a  f a c t o r  o f  7  t i m e s  h i g h e r  
i n  w i n t e r  t h a n  i n  s u m m e r .  Z o l l e r  e t  a l ,  s u g g e s t  t h a t ,  b e c a u s e  o f  t h e  e x t r e m e  
s e n s i t i v i t y  w i t h  w h i c h  v a n a d i u m  c a n  b e  a n a l y s e d  b y  N A A  a n d  i t s  b e h a v i o u r  i n  
t h e  a t m o s p h e r e ,  i t  i s  a n  a d d i t i o n a l  m e t a l  t h a t  c a n  b e  u s e d  a s  a  t r a c e r  f o r
4 .7  C onclusions
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h e m i s p h e r i c  m o v e m e n t  o f  p a r t i c u l a t e s  g e n e r a t e d  b y  c e r t a i n  o f  m a n ' s  
a c t i v i t i e s .  M o r e o v e r ,  v a n a d i u m  i n  t h e  a t m o s p h e r e  i n  t h e  p e n t o x i d e  
f o r m  a c t s  a s  a  c a t a l y s t  t o  t h e  p h o t o c h e m i c a l  p r o d u c t i o n  o f  s u l p h u r i c  
a c i d  f r o m  s u l p h u r  d i o x i d e  m a k i n g  i t s  p r e s e n c e  e x t r e m e l y  u n d e s i r a b l e .
Z i n c  a n d  a n t i m o n y  f o r m  p a r t  o f  a  c h a l c o p h i l i c  g r o u p  o f  e l e m e n t s  
( i . e .  t h o s e  w h i c h  f o r m  s u l p h i d e s  r a t h e r  t h a n  o x i d e s )  w h i c h  t e n d  t o  p r o d u c e  
v o l a t i l e  c o m p o u n d s  a n d  a s  a  c o n s e q u e n c e  h a v e  h i g h  e n r i c h m e n t  f a c t o r s  
( S a l m o n  e t  a l . ,  1 9 7 7 ) .  T h e i r  p r e s e n c e  i n  t h e  a t m o s p h e r e  i s  r e g a r d e d  a s  
t h e  r e s u l t  o f  h i g h  t e m p e r a t u r e  p r o c e s s e s  a l t h o u g h  S a l m o n  e t  a l . s u g g e s t  t h a t  
a s  a n t i m o n y  t r e n d s  m a t c h  l o c a l  b l a c k  s m o k e  c h a n g e s  i n  t h e  C h i l t o n  a r e a ,  t h i s  
e l e m e n t  i s  d e r i v e d  f r o m  f u e l  b u r n i n g  r a t h e r  t h a n  i n d u s t r i a l  p r o c e s s e s .  T h e  
r e s u l t s  p r e s e n t e d  i n  F i g s .  ( 4 . 4 a )  a n d  ( 4 . 4 b )  s u b s t a n t i a t e  t h i s ,  b u t  t h e  
h i g h  c o r r e l a t i o n  w i t h  b r o m i n e  m a y  i n d i c a t e  a u t o m o t i v e  s o u r c e s  a s  w e l l .
S o u r c e s  o f  t h e  e l e m e n t  i o d i n e  a r e  d i f f i c u l t  t o  d e f i n e .  T h e  c o n c e n t r a ­
t i o n  i n  O x f o r d  c i t y - c e n t r e  i s  i d e n t i c a l  t o  t h a t  m e a s u r e d  i n  K a r l s r u h e ,  W ,  
G e r m a n y  ( V o g g  a n d  H a r t e l , 1 9 7 6 )  a n d  3  t i m e s  h i g h e r  t h a n  t h a t  a t  t h e  
g e o g r a p h i c a l  S o u t h  P o l e  ( M a e n h a u t  a n d  Z o l l e r ,  1 9 7 6 ) .  T h e  l a r g e  e n r i c h m e n t  
f a c t o r s  s u g g e s t  a n t h r o p o g e n i c  s o u r c e s  s u c h  a s  c o a l  b u r n i n g  s i n c e  i t  o c c u r s  
a t  c o n c e n t r a t i o n s  o f  0 . 5 - 5  y g / g  i n  c o a l  ( R o w e  a n d  S t e i n n e s ,  1 9 7 6 )  a n d  
^  2  y g / g  i n  f l y  a s h  ( M a e n h a u t  a n d  Z o l l e r ,  1 9 7 6 )  .
T h e  6  e l e m e n t s  A l , V ,  M n ,  Z n ,  S b  a n d  I  a r e  p r e s e n t  a t  l e v e l s  s i m i l a r  
t o  t h o s e  m e a s u r e d  i n  t h e  l o c a l  r u r a l  a r e a  o f  C h i l t o n ,  a n d ,  f o l l o w i n g  t h e  
d i s c u s s i o n  a b o v e ,  a r e  c o m m e n s u r a t e  w i t h  n a t u r a l  o r  a n t h r o p o g e n i c  s o u r c e s  
n o t  s p e c i f i c a l l y  r e l a t e d  t o  O x f o r d  C i t y - C e n t r e .  C h r o m i u m  a n d  b r o m i n e  
h o w e v e r  o c c u r  i n  c o n c e n t r a t i o n s  a p p r e c i a b l y  h i g h e r  t h a n  e x p e c t e d ,  w h i c h ,  
t o g e t h e r  w i t h  h i g h  e n r i c h m e n t  f a c t o r s ,  i n d i c a t e  l o c a l  o r i g i n s .  B r o m i n e  
i s  w i d e l y  r e c o g n i s e d  a s  c o r r e l a t i n g  w i t h  v e h i c u l a r  p o l l u t i o n  ( V a l k o v i c ,
1 9 7 5 ) .  I t  i s  a n  a d d i t i v e  t o  p e t r o l  i n  t h e  f o r m  o f  e t h y l e n e  d i b r o m i d e , w h i c h
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i s  u s e d  t o  i n t e r a c t  w i t h  l e a d  i n  t h e  e n g i n e  c o m b u s t i o n  c h a m b e r  a r i s i n g  
f r o m  t h e  a d d i t i o n  o f  t e t r a e t h y l  a n d  t e t r a m e t h y l  l e a d , t o  i m p r o v e  t h e  f u e l  
o c t a n e  r a t i n g  ( O a k e s  e t  a l . ,  1 9 7 6 ) .  T h e  r e s u l t i n g  b r o m i d e  c o m p o u n d s  a r e  
e m i t t e d  t h r o u g h  t h e  e n g i n e  e x h a u s t  s y s t e m .  S t u d i e s  h a v e  s h o w n  ( H a b i b i ,
1 9 7 3 )  t h a t  t h e  m o s t  a b u n d a n t  l e a d  c o m p o u n d  i n  e x h a u s t  p a r t i c u l a t e s  i s  
l e a d  b r o m o c h l o r i d e .  J e r v i s  e t  a l .  ( 1 9 7 6 )  a n d  D e s a e d e l e e r  e t  a l .  ( 1 9 7 6 )  
q u o t e  B r / P b  r a t i o s  o f  0 . 3 2  ±  . 0 4  a n d  0 . 2 3 5  ± . 0 6 9  r e s p e c t i v e l y  f o r  T o r o n t o  
a n d  F l o r i d a  a i r  p a r t i c u l a t e s  s a m p l e d  n e a r  u r b a n  r o a d w a y s .  T h e  r e s u l t s  o f  
C a w s e  ( 1 9 7 6 )  a l s o  y i e l d  a  B r / P b  r a t i o  o f  0 . 2 4  f o r  C h i l t o n  a i r .  S o  r e p r o ­
d u c i b l e  a r e  t h e s e  r a t i o s  t h a t  a  t e n t a t i v e  l e a d  l e v e l  i n  O x f o r d  c i t y  c e n t r e  
m a y  b e  e s t i m a t e d  a s  v  1 - 1 . 5  y g  m ~ 3 , b e l o w  t h e  C N A A  d e t e c t i o n  l i m i t  o f  
G/ 1 , 7  y g  m - 3 , T h i s  e s t i m a t e d  l e a d  l e v e l  i s  v e r y  c l o s e  t o  t h e  m a x i m u m  
p e r m i t t e d  b y  t h e  U . S .  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y  o f  1 . 5  y g  m ~ 3  u n d e r  
n e w  l e g i s l a t i o n  ( F e d e r a l  R e g i s t e r ,  1 9 7 7 ) .
C h r o m i u m  b e h a v e s  i n e x p l i c a b l y ;  S a l m o n  e t  a l .  ( 1 9 7 7 )  m e n t i o n  t h a t  
t h i s  s i d e r o p h i l i c  ( i r o n - l i k e )  e l e m e n t  i s  p r o b a b t y  o f  a n t h r o p o g e n i c  o r i g i n  
w h i c h  c e r t a i n l y  s e e m s  t h e  c a s e  f r o m  t h i s  s t u d y ,  a l t h o u g h  t h e  s o u r c e ,  n o t  
o b v i o u s l y  v e h i c u l a r ,  i s  d i f f i c u l t  t o  d e f i n e  s i n c e  i t  c o r r e l a t e s  m o r e  
s t r o n g l y  w i t h  t h e  s o i l  d e r i v e d  e l e m e n t s  s u c h  a s  a l u m i n i u m  a n d  m a n g a n e s e .
F i n a l l y ,  t h e  a n a l y s i s  o f  a e r o s o l s  c o l l e c t e d  o v e r  s h o r t  s a m p l i n g  
p e r i o d s  m a k e s  i t  p o s s i b l e  t o  c o m m e n t  o n  t h e  h e a l t h  a s p e c t s  o f  e l e m e n t s  i n  
t h e  a t m o s p h e r e .  V a r i a t i o n s  i n  c o n c e n t r a t i o n s  w i t h  t i m e  a n d  d i u r n a l  p a t t e r n s  
a r e  e v i d e n c e  o f  l o c a l  e m i s s i o n s ;  t h e  s h a r p n e s s  o f  t h e  v a r i a t i o n s  i s  i n d i c a t i v e  
o f  a  l o c a l  r e s i d e n c e  t i m e  i n  t h e  a t m o s p h e r e .  S i n c e  s o u r c e  e m i s s i o n s  a r e  a t  
a  m i n i m u m  a t  n i g h t  t i m e ,  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  p o l l u t a n t s  i s  a  m e a s u r e  
o f  t h e  p e r s i s t e n c e  o f  p o l l u t e d  a i r  m a s s e s  ( D e s a e d e l e e r  e t  a l . , 1 9 7 6 ) .  
M e t e o r o l o g i c a l  c o n d i t i o n s  a s  w e l l  a s  h u m a n  a c t i v i t i e s  h a v e  b e e n  s h o w n  t o
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g r e a t l y  i n f l u e n c e  t h e  d e t e c t e d  l e v e l s  o f  a i r  p o l l u t a n t s .  T h e  o b s e r v e d  
d i u r n a l  f l u c t u a t i o n s  o f  c e r t a i n  t r a c e  e l e m e n t  l e v e l s  h a v e  m a x i m a  w h i c h  
o c c u r  d u r i n g  t h e  d a y  t i m e  w h e n  h u m a n  e x p o s u r e  i s  a t  i t s  g r e a t e s t ,  e . g .  f o r  
p e d e s t r i a n s  i n  a  b u s y  t h o r o u g h f a r e ;  t h u s  d a i l y  v a l u e s ,  a v e r a g e d  o v e r  a  
2 4  h o u r  p e r i o d ,  u n d e r e s t i m a t e  t h e  r i s k  t o  s u c h  a  p o p u l a t i o n .
I t  i s ,  h o w e v e r ,  a  m a t t e r  f o r  c o n c e r n  t h a t  i n  B r i t a i n  t h e r e  e x i s t  
n o  m a x i m u m  r e c o m m e n d e d  a t m o s p h e r i c  l e v e l s  f o r  i n d i v i d u a l  t r a c e  e l e m e n t s  
w i t h  r e g a r d  t o  p u b l i c  h e a l t h ,  a l t h o u g h  c e r t a i n  r e g u l a t i o n s  a r e  e n f o r c e d  
i n  t h e  i n d u s t r i a l  s e c t o r .  T h e  f a t e  o f  p o l l u t a n t s  i n h a l e d  b y  m a n  i s  
d e t e r m i n e d  t o  a  l a r g e  e x t e n t  b y  p a r t i c l e  s i z e .  M o s t  p a r t i c l e s  e x c e e d i n g  
5  y m  a r e  e f f e c t i v e l y  r e m o v e d  i n  t h e  u p p e r  r e s p i r a t o r y  s y s t e m  w h i l e  t h o s e  
i n  t h e  s i z e  r a n g e  0 . 1  t o  1  y m  a r e  a b l e  t o  p e n e t r a t e  d e e p  i n t o  t h e  l u n g  ( S t e m ,  
1 9 7 6 ) .  B a h r e y n i  ( 1 9 7 6 )  s t u d i e d  t h e  d i s t r i b u t i o n  o f  e l e m e n t s  a s  a  f u n c t i o n  o f  
p a r t i c l e  s i z e  i n  G u i l d f o r d  a i r  p a r t i c u l a t e s  b y  t h e  t e c h n i q u e  o f  E l e c t r o n  
M i c r o p r o b e  A n a l y s i s .  T h e  e l e m e n t s  A l ,  V  a n d  C r  w e r e  f o u n d  t o  o c c u r  m o r e  
f r e q u e n t l y  i n  <  5  y m  d i a m e t e r  p a r t i c l e s  w h i l s t  t h e  c o n v e r s e  w a s  t r u e  f o r
M n ,  Z n  a n d  P b . T a b u l a t e d  c o l l e c t i o n  e f f i c i e n c i e s  o f  f i l t e r  m e m b r a n e s  f o r
v a r i o u s  p a r t i c l e  s i z e s  a s  a  f u n c t i o n  o f  p u m p  s p e e d ,  p o r e  s i z e  a n d  p o r e  
d e n s i t y  h a v e  b e e n  p u b l i s h e d  ( S p u r n e y  a n d  L o d g e ,  1 9 7 2 ) ,  C e r t a i n l y  f o r  
0 . 8  y m  p o r e  s i z e  m e m b r a n e s  a s  u s e d  i n  t h e  s t u d y ,  p a r t i c l e s  a s  s m a l l  a s
0 . 1  y m  a r e  t r a p p e d  w i t h  a p p r e c i a b l e  e f f i c i e n c y .
T h e  f o l l o w i n g  f e w  c o m m e n t s  c o m e  f r o m  t h e  r e v i e w  a r t i c l e  b y  S c h r o e d e r  
( 1 9 7 0 ) .  I n  l i g h t  o f  c u r r e n t  k n o w l e d g e ,  o f  t h e  2 7  m e t a l s  c o n s i d e r e d ,  ( w h i c h  
i n c l u d e  A l ,  V ,  C r ,  M n , Z n  a n d  S b )  o n l y  7  a r e  m o r e  o r  l e s s  t o x i c  o f  t h e m ­
s e l v e s ;  o f  t h e s e  7  o n l y  3  r e p r e s e n t  r e a l  o r  p o t e n t i a l  h a z a r d s  t o  h u m a n  
h e a l t h :  N i ,  C d  a n d  P b ,  T w o  o t h e r s  n e e d  c a r e f u l  c o n t r o l :  B e  a n d  S b . C a d m i u m  
i n  a i r  c a n  b e  m i n i m i s e d  o r  a b o l i s h e d  b y  a b a t e m e n t  o f  z i n c ,  w i t h  w h i c h  i t  
o c c u r s  a s  a n  i n v a r i a b l e  c o n t a m i n a n t .  V a n a d i u m  r e p r e s e n t s  a  s p e c i a l  p r o b l e m
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a s  t h e  i n c r e a s i n g  u s e  o f  l o w - s u l p h u r  o i l s ,  w i t h  w h i c h  i t  i s  i n v e r s e l y -  
r e l a t e d ,  s u g g e s t s  t h a t  v a n a d i u m  e m i s s i o n s  w i l l  p r o b a b l y  i n c r e a s e ,  a l t h o u g h  
a t  p r e s e n t  c o n c e n t r a t i o n s  i t  i s  d o u b t f u l  t h a t  t h i s  e l e m e n t  i s  h a r m f u l .
A s  a n  e x t e n s i o n  t o  t h i s  s t u d y  a n d  t o  c o m p l e m e n t  t h e  t r a c e  e l e m e n t  
r e s u l t s  o b t a i n e d  b y  I N A A ,  a n a l y s i s  o f  t h e  a i r  p a r t i c u l a t e  s a m p l e s  b y  
g a s  c h r o m a t o g r a p h y  h a s  b e e n  p e r f o r m e d  ( D o u g l a s ,  1 9 7 8 ) .  T h i s  t e c h n i q u e  
e n a b l e d  t h e  d e t e r m i n a t i o n  o f  5  h y d r o c a r b o n s  i n  t h e  O x f o r d  s a m p l e s ,  n a m e l y :  
t o l u e n e ,  e t h y l  b e n z e n e ,  n - h e p t a n e ,  n - o c t a n e  a n d  n - n o n a n e ,  d e s p i t e  t h e  
p r e s e n c e  o f  h i g h  o r g a n i c  i m p u r i t y  l e v e l s  i n  t h e  M i l l i p o r e  m e m b r a n e s .
A  d e s c r i p t i o n  o f  t h e  g a s  c h r o m a t o g r a p h y  t e c h n i q u e  a n d  t h e  r e s u l t s  
o b t a i n e d  a r e  i n c l u d e d  i n  A p p e n d i x  I I .  C l u s t e r  a n a l y s i s  ( § 4 . 6 . 4 )  h a s  b e e n  
p e r f o r m e d  o n  t h i s  d a t a ,  c o m b i n e d  w i t h  t h e  e l e m e n t a l  c o n c e n t r a t i o n s  a n d  
m e t e o r o l o g i c a l  d a t a ;  t h e  r e s u l t i n g  d e n d r o g r a m  ( F i g .  ( I I . 3 ) )  i s  a l s o  s h o w n  
i n  A p p e n d i x  I I .  I n  c o n c l u s i o n ,  t h i s  w o r k  i n d i c a t e s  t h a t  t h e  o r g a n i c  
c o m p o u n d s  m e a s u r e d  i n  t h e  O x f o r d  p a r t i c u l a t e  s a m p l e s  a r e  u n b u r n t  h y d r o ­
c a r b o n s  p r o b a b l y  r e s u l t i n g  f r o m  i n c o m p l e t e  c o m b u s t i o n  o r  e v a p o r a t i v e  
l o s s e s  o f  v e h i c l e  f u e l .
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5 . 1  G e n e r a l  I n t r o d u c t i o n
A  m u l t i p l i c i t y  o f  s o i l  d e f i n i t i o n s  e x i s t  w h i c h  a r e  a s  d i v e r s e  a s  t h e  
s o i l  i t s e l f ,  b u t  p e r h a { E  t h e  m o s t  u n i v e r s a l l y  a p p l i c a b l e  o n e  h a s  b e e n  
s u p p l i e d  b y  B a r s h a d  ( 1 9 6 4 )  a s  " t h e  m a t e r i a l  o c c u p y i n g  t h e  o u t e r m o s t  
p a r t  o f  t h e  e a r t h ’ s  c r u s t  a n d  p o s s e s s i n g  d i s t i n c t  m o r p h o l o g i c a l ,  m i n e r a -  
l o g i c a l ,  c h e m i c a l  a n d  p h y s i c a l  p r o p e r t i e s  r e s u l t i n g  f r o m  c e r t a i n  i n h e r i t a n c e  
f a c t o r s ,  f r o m  i t s  u n i q u e  p o s i t i o n  o n  t h e  s u r f a c e  o f  t h e  e a r t h ,  a n d  f r o m  t h e  
e n v i r o n m e n t a l  f a c t o r s  e x i s t i n g  a t  t h a t  p o s i t i o n " . T h u s  t h e  c h e m i c a l  
c o m p o s i t i o n  o f  s o i l  r e f l e c t s  n o t  o n l y  t h e  p a r e n t  m a t e r i a l  ( i . e .  t h e  o r i g i n a l  
r o c k s  a n d  m i n e r a l s  t h a t  c o n s t i t u t e d  t h e  m a t e r i a l s  f r o m  w h i c h  s o i l  i s  
d e r i v e d )  b u t  a l s o  " t h e  c h a n g e s  t h a t  h a v e  o c c u r r e d  a n d  t h a t  a r e  s t i l l  t a k i n g  
p l a c e  a s  a  c o n s e q u e n c e  o f  t h e  a c t i o n  o f  m e t e o r o l o g i c a l ,  g e o l o g i c a l  a n d  
b i o l o g i c a l  a g e n c i e s  o n  t h e s e  r o c k s "  ( B e a r ,  1 9 6 4 ) .
H i s t o r i c a l l y ,  s o i l  c h e m i s t r y  h a s  d e v e l o p e d  a s  a  r e s u l t  o f  a g r i c u l t u r a l  
d e m a n d s ,  a s  r e f l e c t e d  i n  t h e  l e c t u r e s  o n  s o i l s  i n  r e l a t i o n  t o  p l a n t  n u t r i t i o n  
g i v e n  b y  S i r  H u m p h r e y  D a v y  ( 1 7 7 8 - 1 8 2 9 ) ,  c r e d i t e d  a s  t h e  f i r s t  s o i l  c h e m i s t .
A s  a  c o n s e q u e n c e ,  m o s t  c u r r e n t  k n o w l e d g e  o f  t h e  b e h a v i o u r  o f  e l e m e n t a l  s o i l  
c o n s t i t u e n t s  i s  c o n f i n e d  p r i n c i p a l l y  t o  t h o s e  e l e m e n t s  w h i c h  m a y  b e  t e r m e d  
' e s s e n t i a l '  f o r  t h e  p r o d u c t i o n  o f  h e a l t h y  c r o p s  a n d / o r  a n i m a l s  ( i n c l u d i n g  
m a n )  w h i c h  f e e d  o n  t h o s e  c r o p s .  I t  i s  o n l y  i n  r e c e n t  y e a r s  t h a t  t h e  
e l e m e n t a l  a n a l y s i s  o f  s o i l s  h a s  f o u n d  a p p l i c a t i o n s  i n  a r c h a e o l o g y ,  a l t h o u g h  
i r o n i . c a l l y ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  D a v y  w a s  a l s o  r e s p o n s i b l e  f o r  
p e r f o r m i n g  s o m e  o f  t h e  f i r s t  r e p o r t e d  c h e m i c a l  a n a l y s e s  o f  a r c h a e o l o g i c a l
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a r t i f a c t s  ( D a v y ,  1 8 1 5 ) .  A s  r e c e n t l y  a s  1 9 6 0 ,  C o r n w a l l , i n  a n  a r t i c l e  o n  
s o i l  i n v e s t i g a t i o n s  i n  t h e  s e r v i c e  o f  a r c h a e o l o g y , w r o t e : " F o r  t h e  p u r p o s e  
o f  m o s t  s o i l  i n v e s t i g a t i o n s  n o  g r e a t  e x p e r t i s e  a s  a  c h e m i c a l  a n a l y s t  i s  
r e q u i r e d .  T h e r e  a r e  t w o  m a i n  r e a s o n s  f o r  t h i s .  F i r s t ,  t h e  n u m b e r  o f  
s i g n i f i c a n t  s u b s t a n c e s  t o  b e  s o u g h t  o r  e s t i m a t e d  i s  c o m p a r a t i v e l y  s m a l l .
T r a c e  e l e m e n t s ,  f o r  e x a m p l e ,  o f  t h e  h i g h e s t  i m p o r t a n c e  t o  t h e  a g r i c u l t u r a l  
a n a l y s t ,  a r e  g e n e r a l l y  i r r e l e v a n t  f o r  a r c h a e o l o g i c a l  p u r p o s e s .  F l u o r i n e  a n d  
r a d i o c a r b o n  a r e  s p e c i a l  e x c e p t i o n s ...........  S e c o n d ,  g r e a t  a c c u r a c y  i n  q u a n t i ­
t a t i v e  a n a l y s i s  i s  u n n e c e s s a r y  -  a n d  m a y  e v e n  m i s l e a d " .  I t  i s  t r u e  t h a t ,  a t  t h e  
t i m e  o f  w r i t i n g  t h a t  a r t i c l e ,  s o i l  a n a l y s e s  w e r e  m a i n l y  c o n f i n e d  t o  t h e  m e t a l s  
N a ,  M g ,  A l ,  K ,  C a ,  M n  a n d  F e  t o g e t h e r  w i t h  t h e  a c i d  r a d i c a l s  c a r b o n a t e ,  c h l o r i d e ,  
s u l p h a t e  a n d  p h o s p h a t e  a n d  a l s o  S i  a n d  C  ( C o r n w a l l ,  I 9 6 0 ) .
N e v e r t h e l e s s ,  t h e  l a s t  d e c a d e  h a s  s e e n  m a n y  m o r e  w i d e - r a n g i n g  a p p l i c a ­
t i o n s  o f  e l e m e n t a l  a n a l y s e s  t o  s o i l s  o f  a r c h a e o l o g i c a l  i n t e r e s t .  T o  a  l a r g e  
e x t e n t  t h e s e  c e n t r e  a r o u n d  t h e  a n a l y s i s  o f  c l a y s  s u i t a b l e  f o r  t h e  m a n u f a c t u r e  
o f  p o t t e r y ,  i n  c o n n e c t i o n  w i t h  p r o v e n a n c e  s t u d i e s  ( e . g .  P e r l m a n  a n d  A s a r o ,
1 9 6 9 ;  A t t a s  e t  a l . ,  1 9 7 7 ) .  A  l a r g e  n u m b e r  o f  e l e m e n t s ,  a n d  e s p e c i a l l y  t h o s e  
o c c u r r i n g  a t  t r a c e  l e v e l s ,  h a v e  b e e n  f o u n d  t o  b e  o f  p r i m e  i m p o r t a n c e  f o r  t h i s  
t y p e  o f  a p p l i c a t i o n .  M o r e o v e r ,  i n  c e r t a i n  i n s t a n c e s ,  e s p e c i a l l y  w i t h  
c e r a m i c s ,  t h e  n a t u r a l  s p r e a d  i n  e l e m e n t a l  c o n c e n t r a t i o n s  h a s  b e e n  s h o w n  
( H a r b o t t l e ,  1 9 7 6 )  t o  b e  m u c h  l e s s  t h a n  t h e  a n a l y t i c a l  p r e c i s i o n ,  a l t h o u g h  
t h i s  i s  r a r e l y  t r u e  f o r  s o i l s .  T h u s  t h e  m u l t i e l e m e n t a l  c a p a b i l i t i e s  o f  N A A  
a r e  i d e a l l y  s u i t e d  t o  t h e  s i t u a t i o n  w h e r e  t h e  s i g n i f i c a n t  e l e m e n t s  f o r  
i n t e r p r e t a t i o n  o f  a r c h a e o l o g i c a l  d a t a  c a n n o t  b e  a n t i c i p a t e d .
T h e  w o r k  d e s c r i b e d  i n  t h i s  c h a p t e r  f a l l s  n a t u r a l l y  i n t o  2  s e c t i o n s :
S e c t i o n  A  d e a l s  w i t h  t h e  a n a l y t i c a l  t e c h n i q u e s ,  b a s e d  o n  s h o r t - l i v e d  i s o t o p e s ,  
w h i c h  h a v e  b e e n  i n v e s t i g a t e d  f o r  t h e  e l e m e n t a l  a n a l y s i s  o f  s o i l s  w h i l s t
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S e c t i o n  B  d e s c r i b e s  t h e i r  a p p l i c a t i o n  t o  a  n o v e l  p r o b l e m  i n  a r c h a e o ­
m e t r y ,  n a m e l y  t h a t  o f  l o c a t i n g  b u r i e d  s o i l  s u r f a c e s .  A  s p e c i f i c  s i t e  
n e a r  H a d r i a n ' s  W a l l  p o s s e s s i n g  f i n e  e x a m p l e s  o f  b u r i e d  s o i l s  w a s  s t u d i e d  
a s  a  ' t e s t  c a s e '  f o r  b o t h  t h e  a n a l y t i c a l  t e c h n i q u e  a n d  t h e  m e t h o d  o f  
l o c a t i o n  o f  t h e  b u r i e d  s o i l .  T h e  m e t h o d  r e l i e s  o n  d e t e c t i n g  s o i l  f e a t u r e s  
b y  t h e  c o r r e s p o n d i n g  f l u c t u a t i o n s  i n  e l e m e n t a l  c o n c e n t r a t i o n s  w i t h  d e p t h  
t h r o u g h  a  p r o f i l e  ( a  v e r t i c a l  s e c t i o n  t h r o u g h  t h e  s o i l ) . T h e s e  r e s u l t s  
a r e  p r e s e n t e d  t o g e t h e r  w i t h  t h o s e  f r o m  p h y s i c a l  m e a s u r e m e n t s  ( p a r t i c l e  s i z e  
a n a l y s i s ,  l o s s  o n  i g n i t i o n )  m a d e  o n  i d e n t i c a l  s a m p l e s .  F i n a l l y ,  c l u s t e r  a n a l y s i s
i s  p e r f o r m e d  o n  t h e  m u l t i - e l e m e n t a l  d a t a  t o  f a c i l i t a t e  i n t e r p r e t a t i o n  o f  t h e  
r e s u l t s ,
A  -  A n a l y t i c a l  M e t h o d s  f o r  S o i l s
5 . 2  A n a l y t i c a l  R e q u i r e m e n t s
T h e  d e v e l o p m e n t  o f  I N A A  t e c h n i q u e s  f o r  a p p l i c a t i o n  t o  s o i l s  i s  g o v e r n e d  
b y  a  n u m b e r  o f  c o n s t r a i n t s  d u e  t o  t h e  v a r i e d  c h a r a c t e r  a n d  c o m p o s i t i o n  o f  t h e  
m a t e r i a l .
i )  D u e  t o  t h e  h e t e r o g e n e o u s  n a t u r e  o f  s o i l ,  t h e  a n a l y s t  i s
g e n e r a l l y  f a c e d  w i t h  a  d a u n t i n g  n u m b e r  o f  s a m p l e s ,  m a n y  o f  
w h i c h  a r e  r e p l i c a t e s ,  s i m p l y  t o  e n s u r e  t h a t  t h e  a n a l y s i s  i s  
r e p r e s e n t a t i v e  o f  t h e  ' p a r e n t '  m a t e r i a l .  A s  a  c o n s e q u e n c e ,  
t e c h n i q u e s  w h i c h  a r e  b o t h  r a p i d  a n d  c a p a b l e  o f  i m p l e m e n t a t i o n  
o n  a  r o u t i n e  b a s i s  r e p r e s e n t  a  d i s t i n c t  a d v a n t a g e .  T h e  N A A  
s c h e m e s  d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n ,  p r i n c i p a l l y  
e m p l o y i n g  s h o r t - l i v e d  i s o t o p e s ,  a r e  f u l l y  i n s t r u m e n t a l  a n d  
f u l f i l  b o t h  t h e s e  c r i t e r i a .
i i )  S o i l s ,  i n  g e n e r a l , c o n t a i n  s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  s u c h  
e l e m e n t s  a s  N a ,  A l  a n d  M n , w h i c h ,  u p o n  n e u t r o n  i r r a d i a t i o n .
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l e a d  t o  g r o s s  a c t i v i t y  o f  t h e  s a m p l e .  W h e n  t h i s  f a c t  i s  
c o m b i n e d  w i t h  t h e  n e e d  f o r  s a m p l e s  w h i c h  a r e  a s  l a r g e  a s  
p o s s i b l e  ( a g a i n  t o  e n s u r e  r e p r e s e n t a t i v e n e s s )  a n d  w h i c h  
m u s t  b e  c o u n t e d  w i t h  o n l y  a  s h o r t  d e l a y  a f t e r  r e m o v a l  
f r o m  t h e  r e a c t o r ,  t h e n  s a m p l e  h a n d l i n g  m u s t  b e  k e p t  t o  a  
m i n i m u m  t o  a v o i d  t h e  a n a l y s t  r e c e i v i n g  a  h i g h  r a d i a t i o n  
d o s e .  I n  a d d i t i o n ,  t h e  s a m p l e - d e t e c t o r  d i s t a n c e  m u s t  b e  
l a r g e  i n  o r d e r  t o  r e d u c e  t h e  s p e c t r o m e t e r  c o u n t i n g  r a t e  
t o  a n  a c c e p t a b l e  l e v e l ,
i i i )  D u e  t o  t h e  c o m p l e x  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  s o i l  m a t r i x ,  
c a r e f u l  c h e c k s  m u s t  b e  m a d e  f o r  t h e  v e r y  s t r o n g  p o s s i b i l i t y  
o f  i n t e r f e r e n c e s ,  e i t h e r  f r o m  y - r a y  l i n e s  o f  s i m i l a r  e n e r g y ,  o r ,  
m o r e  p a r t i c u l a r l y ,  f r o m  c o m p e t i n g  r e a c t i o n s  y i e l d i n g  t h e  s a m e  
p r o d u c t  i s o t o p e  u p o n  i r r a d i a t i o n  i n  a  m i x e d  n e u t r o n  e n e r g y  
s p e c t r u m .
O n e  o f  t h e  e a r l i e s t  s t u d i e s  o n  g a m m a  s p e c t r o m e t r y  o f  n e u t r o n  a c t i v a t e d  
s o i l s  w a s  p u b l i s h e d  b y  N i s h i t a  e t  a l ,  ( 1 9 6 6 )  w h i l s t  B r u n e l l e  e t  a l . ( 1 9 6 9 )  
s u c c e s s f u l l y  m e a s u r e d  a  v a r i e t y  o f  s h o r t - l i v e d  i s o t o p e s  b y  m e a n s  o f  a  
N a l ( T l )  d e t e c t o r  f o l l o w i n g  a  1 0  m i n  i r r a d i a t i o n .  S u b s e q u e n t  p u b l i c a t i o n s  
h a v e  c o n c e n t r a t e d  p r i m a r i l y  o n  t h e  u s e  o f  l o n g e r - l i v e d  r a d i o n u c l i d e s  
( K l i n e  a n d  B r a r ,  1 9 6 9 ;  T o b i a  a n d  S a y r e ,  1 9 7 4 ;  H o p k e  e t  a l . ,  1 9 7 6 )  w h i l s t  
V a n  d e r  K l u g t  e t  a l .  ( 1 9 7 7 )  d e s c r i b e  a  c o m p u t e r i s e d  m u l t i - e l e m e n t a l  a n a l y s i s  
s y s t e m  w h i c h  c o m b i n e s  b o t h  l o n g  a n d  s h o r t  i r r a d i a t i o n  s c h e m e s  f o r  t h e  
m e a s u r e m e n t  o f  s o m e  3 2  e l e m e n t s .
E l l i n g e r  e t  a l .  ( 1 9 7 6 )  d e s c r i b e  a  t e c h n i q u e  f o r  s t u d y i n g  e l e m e n t a l  
p r o f i l e  d i s t r i b u t i o n s  ( t h e  o b j e c t  o f  t h i s  s t u d y )  w h i c h  i n v o l v e s  i r r a d i a t i n g  
a  c o m p l e t e  s e c t i o n  o f  t h e  s o i l  p r o f i l e  a n d  s u b s e q u e n t l y  s c a n n i n g  t h e  s e c t i o n
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w i t h  a  w e l l - c o l l i m a t e d  G e ( L i )  d e t e c t o r  f o r  t h e  l o n g - l i v e d  i s o t o p e s  
p r e s e n t .  T h i s  t e c h n i q u e ,  a l t h o u g h  r e d u c i n g  s a m p l e  p r e p a r a t i o n  t o  a  
m i n i m u m ,  s u f f e r s  f r o m  t h e  d i s a d v a n t a g e  o f  h a v i n g  m u c h  p o o r e r  s p a t i a l  
r e s o l u t i o n  t h a n  t h e  u s u a l  m e t h o d  o f  d i v i d i n g  t h e  s a m p l e s  p r i o r  t o  
i r r a d i a t i o n .  M o r e o v e r ,  t h e r e  i s  t h e  a d d i t i o n a l  d i f f i c u l t y  ( e s p e c i a l l y  
i n  a  s m a l l  r e a c t o r )  o f  i r r a d i a t i n g  l a r g e  s a m p l e s .
A n a l y s e s  e m p l o y i n g  s h o r t - l i v e d  i s o t o p e s  a r e  m u c h  l e s s  f r e q u e n t l y  
r e p o r t e d .  B e n e s  e t  a l . ( 1 9 7 4 )  w e r e  a b l e  t o  m e a s u r e  a n  a d d i t i o n a l  1 1
e l e m e n t s  i n  a n  a n a l y s i s  s c h e m e  d e s i g n e d  t o  d e t e r m i n e  * 2 8 I  ( t a  =  2 5  m i n )  i n
2
a  v a r i e t y  o f  d i f f e r e n t  s o i l s  w h i l s t  D a n t a s  a n d  R u f  ( 1 9 7 5 )  f o u n d  a d d i t i o n a l  
a d v a n t a g e  i n  t h e  m e a s u r e m e n t  o f  s h o r t - l i v e d  i s o t o p e s  i n  s a m p l e s  i r r a d i a t e d  
w i t h  t h e r m a l  a n d  e p i t h e r m a l  n e u t r o n s ,
5 , 2 . 1  E p i t h e r m a l  n e u t r o n  a c t i v a t i o n  a n a l y s i s  ( E N A A )
T h e  E N A A  t e c h n i q u e  c o n s i s t s  o f  s e l e c t i v e l y  i r r a d i a t i n g  s a m p l e s  
( u s u a l l y  i n  t h e  r e a c t o r  c o r e )  w i t h  n e u t r o n s  f r o m  w h i c h  t h e  t h e r m a l  c o m p o n e n t  
h a s  b e e n  e x c l u d e d  ( e p i t h e r m a l  n e u t r o n s ) .  I n  t h i s  w a y  t h e  a c t i v i t i e s  o f  
t h o s e  n u c l i d e s  h a v i n g  a n  a p p r o x i m a t e l y  ™  c r o s s - s e c t i o n  a r e  e f f e c t i v e l y  
s u p p r e s s e d  w i t h  r e s p e c t  t o  t h e  a c t i v i t i e s  o f  a l l  n u c l i d e s  w h o s e  c r o s s -  
s e c t i o n s  s h o w  h i g h  r e s o n a n c e s  i n  t h e  e p i t h e r m a l  r e g i o n  i . e .  t h o s e  n u c l i d e s  
w i t h  l a r g e  — —  v a l u e s  ( E q .  ( 1 . 7 ) ) .  M o s t  o f  t h e  n u c l i d e s  i n  s o i l  l e a d i n g  t o
a o
m a j o r  a c t i v i t i e s  u p o n  n e u t r o n  a c t i v a t i o n  h a v e  a  c r o s s - s e c t i o n  a s  a  f u n c t i o n  
o f  e n e r g y  n o t  d e v i a t i n g  m u c h  f r o m  t h e  A  x a w  i n  t h e  l o w  e n e r g y  e p i t h e r m a l  
r e g i o n .  T h i s  i s  t h e  c a s e  f o r  n u c l i d e s  s u c h  a s  2 3 N a ,  2 7 A 1  a n d  8 8 M n  ( B r u n f e l t  
a n d  S t e i n n e s ,  1 9 6 9 )  w h i l s t  m a n y  t r a c e  e l e m e n t s  h a v e  i s o t o p e s  w i t h  h i g h  
r e s o n a n c e  a c t i v a t i o n  c r o s s - s e c t i o n s .  T h i s  f a c t  s h o u l d  e n a b l e  t h o s e  e l e m e n t s  
c o m p r i s i n g  t h e  g r o s s  a c t i v i t y  o f  t h e  s o i l  m a t r i x  ( N a ,  A l ,  M n )  t o  b e  s u p p r e s s e d  
w i t h  r e s p e c t  t o  o t h e r  t r a c e  e l e m e n t s  o f  i n t e r e s t ,  a n d  t h u s  i m p r o v e  t h e i r  
d e t e c t i o n  l i m i t s ,  u p o n  i r r a d i a t i o n  b y  e p i t h e r m a l  n e u t r o n s .
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T h i s  t e c h n i q u e  h a s  b e e n  f o u n d  o f  a d v a n t a g e  f o r  t h e  a n a l y s i s  o f  
b o t h  g e o l o g i c a l  ( B r u n f e l t  a n d  S t e i n n e s ,  1 9 6 9 ;  S t e i n n e s ,  1 9 7 1 ;  R a n d a ,
1 9 7 6 )  a n d  b i o l o g i c a l  m a t e r i a l s  ( G a m b a r i a n ,  1 9 7 2 ;  B a g d a v a d z e  a n d  M o s u l i . s h v i l i , 
1 9 7 5 ;  T o m b e r l i n  a n d  E c l c h o f f ,  1 9 7 5 )  a s  w e l l  a s  f o r  c e r t a i n  m i n o r  c o n s t i t u e n t  
e l e m e n t s  o f  s o i l s  ( D a n t a s  a n d  R u f ,  1 9 7 5 ) .
5 . 3  E x p e r i m e n t a l  M e t h o d s
T h e  e x p e r i m e n t a l  m e t h o d s  r e p o r t e d  i n  t h e  f o l l o w i n g  p a g e s  r e p r e s e n t ,  
w h e r e  a p p r o p r i a t e ,  a  c o m b i n a t i o n  o f  ’ c y c l i c '  a n d  ' c o n v e n t i o n a l '  a n a l y s i s  
m o d e s  p e r f o r m e d  w i t h  3  d i f f e r e n t  n e u t r o n  e n e r g y  s p e c t r a  i n  c o n j u n c t i o n  
w i t h  b o t h  p u r e  G e  a n d  G e ( L i )  s e m i c o n d u c t o r  d e t e c t o r s ,  w i t h  t h e  i n t e n t i o n  
o f  e v a l u a t i n g  t h e i r  r e l a t i v e  m e r i t s  f o r  s o i l  a n a l y s e s .  T h e  v a r i o u s  a n a l y s i s  
s c h e m e s  a r e  s u m m a r i s e d  i n  T a b l e  ( 5 . 1 ) .  A  s i m i l a r  s t u d y ,  a l t h o u g h  e m p l o y i n g  
m u c h  l o n g e r - l i v e d  n u c l i d e s  h a s  b e e n  p e r f o r m e d  b y  B a e d e c k e r  e t  a l .  ( 1 9 7 7 ) .
T a b l e  ( 5 . 1 )  : A n a l y s i s  S c h e m e s
M o d e
F a c i l i t y C y c l i c C o n v e n t i o n a l
T h e r m a l - G e ( L i ) ;  p u r e  G e
C o r e G e ( L i ) G e ( L i )
C o r e  ( C d  c o v e r ) - G e ( L i )
I r r a d i a t i o n s  f o r  t h i s  w o r k  w e r e  p e r f o r m e d  i n  t w o  f a c i l i t i e s  o f  t h e  
C O N S O R T  I I  r e a c t o r ,  n a m e l y  0 ° S T F  ( t h e r m a l  f a c i l i t y )  a n d  I C I S  ( c o r e  i r r a d i a t i o n s )  
s h o w n  i n  F i g .  ( 3 . 2 a ) .  T h e  n e u t r o n  f l u x e s  a t  t h e s e  p o s i t i o n s  a r e  s u m m a r i s e d  
i n  T a b l e  ( 1 . 2 ) .  T h e  f i r s t  o f  t h e s e ,  a  s o - c a l l e d  t h e r m a l  f a c i l i t y ,  i s  l o c a t e d  
i n  a  g r a p h i t e  b l o c k  a t  t h e  s i d e  o f  t h e  c o r e .  T h e  n e u t r o n  f l u x ,  a l t h o u g h  n o t
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a  p u r e l y  t h e r m a l  s p e c t r u m ,  i s  c h a r a c t e r i s e d  b y  f e / f e ^  ~  1 / 1 3 .  A  s i m p l e  
m e c h a n i c a l  s y s t e m  ( § 1 , 3 . 3 )  i n s e r t s  t h e  s a m p l e s ,  c o n t a i n e d  i n  p o l y t h e n e ,  
a l o n g  a  h o r i z o n t a l  p i p e  a t  t h e  s i d e  o f  t h e  r e a c t o r  a n d  i s  o n l y  s u i t a b l e  
f o r  c o n v e n t i o n a l  i r r a d i a t i o n s ,  s i n c e  t h e  m i n i m u m  t r a n s f e r  t i m e  t o  t h e  
d e t e c t o r  i s  i  2  m i n .
T h e  o t h e r  f a c i l i t y ,  I C I S  ( d e s c r i b e d  i n  d e t a i l  i n  § 3 . 2 ) ,  a t  t h e  c e n t r e  
o f  t h e  c o r e ,  p o s s e s s e s  t h e  h i g h e s t  t h e r m a l  f l u x  i n  t h e  r e a c t o r ,  a p p r o x i m a t e l y  
1 7  t i m e s  t h a t  o f  t h e  t h e r m a l  f a c i l i t y ,  a n d ,  b e i n g  c l o s e  t o  t h e  f u e l  e l e m e n t s ,  
t h e r e  i s  a  v e r y  c o n s i d e r a b l e  f a s t  n e u t r o n  c o m p o n e n t  ( f e / f e ^  ~  ! ) •  I C I S  i s  
s u i t a b l e  f o r  b o t h  c y c l i c  a n d  c o n v e n t i o n a l  i r r a d i a t i o n  s c h e m e s .  F o r  c o n v e n t i o n a l  
i r r a d i a t i o n s ,  t h e  s a m p l e ,  o n  r e m o v a l  f r o m  t h e  c o r e ,  i s  t r a n s f e r r e d  t o  a n o t h e r  
p n e u m a t i c  s h u t t l e  w h i c h  t r a v e l s  t o  t h e  r a d i o c h e m i c a l  l a b o r a t o r i e s  i n  a  
n e i g h b o u r i n g  b u i l d i n g  a n d  e j e c t s  t h e  e n c a p s u l a t e d  s a m p l e  i n t o  a  f u m e  c u p ­
b o a r d .  C o u n t i n g  m a y  c o m m e n c e  w i t h i n  v  3 0  s e c o n d s .
T o  e n a b l e  E N A A ,  c o n v e n t i o n a l  i r r a d i a t i o n s  p e r f o r m e d  i n  t h e  c o r e  f a c i l i t y  
h a v e  t h e  o p t i o n  o f  c a d m i u m  s h i e l d i n g  i . e .  s a m p l e s  t h u s  i r r a d i a t e d  a r e  w r a p p e d  
i n  p o l y t h e n e  s h e e t s  t o  a v o i d  ’ r u b - o f f 1 c o n t a m i n a t i o n  a n d  p l a c e d  i n  s m a l l  
b o x e s  c o n s t r u c t e d  o f  0 . 5  m m  t h i c k  c a d m i u m ,  s u f f i c i e n t  t o  c o m p l e t e l y  a b s o r b  
t h e r m a l  n e u t r o n s  ( R o s s i t t o  e t  a l . ,  1 9 7 2 )  w i t h  e n e r g i e s  b e l o w  ^  0 , 5  e V .
C a d m i u m  b o x e s  a r e  r e s t r i c t e d  i n  s i z e  t o  a  m a x i m u m  e x t e r n a l  s u r f a c e  a r e a  o f  
4  c m 2  w h i c h ,  w h e n  p l a c e d  i n  t h e  c o r e  w o u l d  l o w e r  t h e  r e a c t i v i t y  b y  0 . 0 5 % ,
T h i s  c o r r e s p o n d s  t o  t h e  n o r m a l  l i m i t  t o  p r e v e n t  a  r e a c t o r  t r i p  ( a c c i d e n t a l  
s h u t - d o w n )  d u e  t o  t h e  s t r o n g  t h e r m a l  n e u t r o n  a b s o r p t i o n  o f  c a d m i u m .  P o w d e r  
s a m p l e s  t h u s  i r r a d i a t e d  r e q u i r e  p e l l e t t i n g  i n  o r d e r  t o  c o n t a i n  s u f f i c i e n t  
m a t e r i a l  w i t h i n  t h e  c a d m i u m  b o x .
T h r e e  d i f f e r e n t  s e m i c o n d u c t o r  d e t e c t o r s  w e r e  a v a i l a b l e  d u r i n g  t h i s  
s t u d y .  F o r  c y c l i c  a c t i v a t i o n ,  a  2 0  c m 3  Q u a r t z  a n d  S i l i c e  c o a x i a l  G e ( L i ) ,
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o f  r e s o l u t i o n  2 . 5 5  k e V  a t  1 3 3 2 , 4  k e V ;  f o r  c o n v e n t i o n a l  a n a l y s e s ,  a  3 8  c m 3 
C a n b e r r a  c o a x i a l  G e ( L i )  w i t h  r e s o l u t i o n  o f  2 . 4  k e V  a n d  a  1  c m 3  E l s c i n t  p l a n a r  
p u r e  G e  d e t e c t o r , w i t h  r e s o l u t i o n  o f  5 8 0  e V  a t  1 2 2  l c e V  ( § 3 . 3 ) .  A s  r e q u i r e d ,  
t h e  t w o  G e ( L i )  d e t e c t o r s  w e r e  c o n n e c t e d  v i a  a  C a n b e r r a  ( m o d e l  1 4 1 2 )  s p e c t r o ­
s c o p y  a m p l i f i e r  t o  a  L a b e n  8 0 0 0  s e r i e s  4 0 0 0  c h a n n e l  M C A  o p e r a t i n g  i n  t h e  
r a n g e  0 - 4  M e V .  T h e  p u r e  G e  L E P D  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  s a m e  
a m p l i f i e r  a n d  a  ' T r a c o r '  N o r t h e r n  S c i e n t i f i c  1 0 0 0  c h a n n e l  M C A  c a l i b r a t e d  
f r o m  0  t o  2 0 0  k e V .  S p e c t r a  w e r e  r e c o r d e d  e i t h e r  o n  m a g n e t i c  t a p e  ( 4 0 0 0  
c h a n n e l s )  o r  p u n c h e d  p a p e r  t a p e  ( 1 0 0 0  c h a n n e l s )  s u i t a b l e  f o r  s u b s e q u e n t  
c o m p u t e r  a n a l y s i s  b y  t h e  m o d i f i e d  S A M P O  c o d e .
5 . 3 . 1  S a m p l e s  a n d  s t a n d a r d s
T h e  s o i l  s a m p l e s  u s e d  i n  t h i s  i n v e s t i g a t i o n  w e r e  t a k e n  f r o m  a  s i n g l e  
b u l k  s a m p l e  p r e p a r e d  a s  d e s c r i b e d  i n  § 5 . 8 .  C o m p a r a t i v e l y  l a r g e  s a m p l e s  
( N  2 0 0 - 3 0 0  m g )  w e r e  e m p l o y e d  w h e r e  p o s s i b l e  i n  o r d e r  t o  r e d u c e  s a m p l i n g  
e r r o r s  d u e  t o  t h e  h e t e r o g e n e o u s  n a t u r e  o f  t h e  p a r e n t  m a t e r i a l .  S i n c e  a  
c e r t i f i e d  s t a n d a r d  s o i l  i s  n o t  y e t  a v a i l a b l e  ( o n e  i s  i n  p r e p a r a t i o n  b y  
I A E A )  a n d  s i n c e  t h e  N B S  P l a s t i c  C l a y ,  F l i n t  C l a y  o r  A r g i l l a c e o u s  L i m e s t o n e  
s t a n d a r d  r e f e r e n c e  m a t e r i a l s  a r e  o n l y  c e r t i f i e d  f o r  a  n u m b e r  o f  t h e  b u l k  
e l e m e n t s ,  N B S  O r c h a r d  L e a v e s  a n d  B o w e n ' s  K a l e  w e r e  u s e d  a s  c o m p a r a t o r  
s t a n d a r d s .
5 , 4  R e s u l t s
F i g .  ( 5 . 1 )  s h o w s  t h r e e  s p e c t r a  o b t a i n e d  b y  c o n v e n t i o n a l  a n a l y s i s  o f  
i d e n t i c a l  s o i l  s a m p l e s  w h i c h  w e r e  c o u n t e d  o n  t h e  3 8  c m 3  G e ( L i )  d e t e c t o r  
a t  a  d i s t a n c e  o f  'v 2 4  c m s . T h e  i r r a d i a t e ,  w a i t  a n d  c o u n t  t i m e s  w e r e  1 0  m i n .  
e a c h ,  i s o t o p e s  o f  N a ,  M g ,  A l , C l ,  K ,  C a ,  T i , V ,  M n , B r ,  S r ,  B a ,  S m ,  E u  a n d  
D y  b e i n g  d e t e c t e d .  T h e  u p p e r m o s t  s p e c t r u m  r e p r e s e n t s  a n  i r r a d i a t i o n  i n  t h e
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c o r e ,  t h e  c e n t r e  o n e  a l s o  i n  t h e  c o r e  b u t  w i t h  t h e  s a m p l e  e n c l o s e d  i n  a  
c a d m i u m  b o x  a n d  t h e  l o w e r  s p e c t r u m  c o r r e s p o n d s  t o  a  s a m p l e  i r r a d i a t e d  i n  
t h e  t h e r m a l  f a c i l i t y  ( n o t e :  s c a l e  s h o u l d  b e  m u l t i p l i e d  b y  1 0 ) ,  T h e  t h r e e  
s p e c t r a  m a y  b e  c o n s i d e r e d  t o  r e p r e s e n t  a c t i v a t i o n  w i t h  p r e d o m i n a n t l y  m i x e d ,  
e p i t h e r m a l  a n d  t h e r m a l  n e u t r o n  f l u x e s  r e s p e c t i v e l y .
I n  a l l  c a s e s ,  t h e  2 . 3  m i n .  i s o t o p e  2 8 A 1  r e n d e r s  a  s a m p l e  t o o  a c t i v e  
t o  c o u n t  i m m e d i a t e l y  a f t e r  b e i n g  w i t h d r a w n  f r o m  t h e  r e a c t o r ,  h e n c e  t h e  n e e d  
f o r  a  r e l a t i v e l y  l o n g  w a i t i n g  t i m e .  E v e n  s o ,  i t  i s  t h e  m o s t  a b u n d a n t  i s o t o p e  
i n  e a c h  s p e c t r u m  a n d  a s  s u c h  c o n t r i b u t e s  t o  t h e  h i g h  C o m p t o n  b a c k g r o u n d  a n d  
a d v e r s e l y  a f f e c t s  t h e  d e t e c t i o n  o f  o t h e r  i s o t o p e s  i n  t h e  l o w e r  h a l f  o f  t h e  
s p e c t r u m .  C o n s e q u e n t l y ,  a  c o m p a r i s o n  o f  t h e  s p e c t r a  m a y  b e  m a d e  b y  
c a l c u l a t i n g  ' a d v a n t a g e  f a c t o r s ' ,  ( S t e i n n e s ,  1 9 7 1 )  f o r  a l l  o t h e r  i s o t o p e s  
d e t e c t e d  w i t h  r e s p e c t  t o  2 8 A 1 .
5 . 4 . 1  A d v a n t a g e  f a c t o r s
T h e  a d v a n t a g e  f a c t o r s  a r e  d e f i n e d  h e r e  a s  t h e  r a t i o  o f  t h e  a m o u n t  b y  
w h i c h  t h e  2 8 A 1  i s  s u p p r e s s e d  t o  t h a t  o f  a n o t h e r  i s o t o p e  w h e n  c o m p a r i n g  t w o  
d i f f e r e n t  i r r a d i a t i n g  f l u x e s :
( C a d m i u m  R a t i o ) 2  
B C d  ( C a d m i u m  R a t i o ) v
( 5 . 1 )
P t h  ( C o r e / T h e r m a l  R a t i o ) v
X
( C o r e / T h e r m a l  R a t i o ) 2  8 ^
( 5 . 2 )
w h e r e  ( C a d m i u m  R a t i o )
A c t i v i t y  o f  X  d u e  t o  i r r a d i a t i o n  i n  c o r e  
X  A c t i v i t y  o f  X  d u e  t o  i d e n t i c a l  i r r a d i a t i o n
i n  c o r e  u n d e r  C d  c o v e r .
a n d  ( C o r e / T h e r m a l  R a t i o )
A c t i v i t y  o f  X  d u e  t o  i r r a d i a t i o n  i n  c o r e  
X  A c t i v i t y  o f  X  d u e  t o  i d e n t i c a l  i r r a d i a t i o n  
i n  t h e r m a l  f a c i l i t y .
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I n  p r a c t i c e  t h i s  m e a n s  t h a t  v a l u e s  o f  F ^  o r  F  ^  g r e a t e r  t h a n  1 . 0  
f a v o u r  i r r a d i a t i o n s  i n  t h e  c o r e  w i t h  c a d m i u m  s h i e l d i n g  a n d  i n  t h e  t h e r m a l  
f a c i l i t y  r e s p e c t i v e l y ,  a s  c o m p a r e d  w i t h  u n s h i e l d e d  i r r a d i a t i o n s .  T a b l e
( 5 . 2 )  l i s t s ,  w h e r e  p o s s i b l e ,  a d v a n t a g e  f a c t o r s  c a l c u l a t e d  f r o m  t h e  s p e c t r a  
s h o w n  i n  F i g .  ( 5 , 1 ) .
T a b l e  ( 5 . 2 )  : A d v a n t a g e  F a c t o r s  f o r  S o i l s  I r r a d i a t e d  i n  t h e  G o r e  
( ±  C d  c o v e r  ) a n d  T h e r m a l  F a c i l i t i e s .
I s o t o p e E y  ( k e V ) F
C d
F
t h
1 6  5 j ) y 9 4 . 6 0 . 3 6 1 . 6
1 3 9 B a 1 6 5 . 8 0 . 5 7 1 . 1
5 1 T i 3 2 0 . 0 0 . 3 0 1 . 2
PQ
oCO
6 1 7 . 0 - 0 . 5 0
2 7 M g 1 0 1 4 . 1 7 . 6 0 . 3 7
2 9 a i 1 2 7 3 . 3 8 . 8 0 . 2 0
2  a 1 3 6 8 . 4 0 . 3 0 1 . 1
5 2 V
1 4 3 4 . 4 0 . 2 4 1 . 1
4 2 K
1 5 2 4 . 5 - 1 . 3
2 8 a i 1 7 7 8 . 9 1 . 0 1 . 0
5 6 M n 1 8 1 0 . 7 0 . 5 6 0 . 9 9
4 9 C a 3 0 8 3 . - 0 . 9 9
F o r  t h e  m a j o r i t y  o f  i s o t o p e s  t h e  t h e r m a l  f a c i l i t y  i s  m a r g i n a l l y  
p r e f e r r e d ,  e x c e p t  f o r  2 7 M g ,  2 9 A 1 ,  a n d  3 8 C 1  w h i c h  w a s  o n l y  d e t e c t e d  i n  t h e  
c a d m i u m  s h i e l d e d  s a m p l e .  2 9 A 1  i s  p r o d u c e d  b y  a  f a s t  n e u t r o n  r e a c t i o n  f r o m  
S i ,  2 9 S i ( n , p ) 2 9 A l ,  a n d  s o  s h o u l d  b e  e n h a n c e d  b y  a n  e p i t h e r m a l  f l u x .
5 . 4 . 2  I n t e r f e r e n c e s
T h e  a d v a n t a g e  f a c t o r s  o b t a i n e d  f o r  2 7 M g  a n d  3 8 C 1  w e r e  e n t i r e l y  
u n e x p e c t e d  f r o m  s i m p l e  c r o s s  s e c t i o n  c o n s i d e r a t i o n s ,  b u t  o n  c l o s e r  e x a m i n a t i o n
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t h i s  c o u l d  b e  e x p l a i n e d  b y  i n t e r f e r i n g  f a s t  n e u t r o n  r e a c t i o n s  f r o m  o t h e r  
b u l k  e l e m e n t s ,  c o n t r i b u t i n g  t o  t h e  p r o d u c t i o n  o f  t h e s e  i s o t o p e s .  T a b l e
( 5 . 3 )  s u m m a r i s e s  t h e  t h r e e  i s o t o p e s  w h i c h  w e r e  f o u n d  t o  s u f f e r  f r o m  i n t e r ­
f e r e n c e s  d u e  t o  i r r a d i a t i o n s  i n  b o t h  t h e  c o r e  a n d  t h e r m a l  f a c i l i t i e s .
T a b l e  ( 5 . 3 )  : P r i n e i - p a l  I n t e r f e r i n g  R e a c t i o n s  i n  a  S o i l  M a t r i x .
R e l a t i v e  c o n t r i b u t i o n  f r o m :
R e a c t i o n C o r e  i r r a d i a t i o n T h e r m a l  i r r a d i a t i o n
2 6 M g ( n , y )  1 1 1 . 7 % 4 8 . 0 %
2 7 A l ( n , p ) • 2 7 M g 8 7 . 8 % 5 1 . 7 %
3 0 S i ( n , a ) 0 . 5 % 0 . 3 %
2 7 A 1 ( n , y ) 9 6 . 5 % 9 9 . 5 %
2 8 S i ( n , p ) • 2 8 A 1 ‘ 3 . 5 % 0 . 5 %
3 1 P  ( n , a ) <  0 . 0 1 % <  0 . 0 0 1 %
3 7 C 1 ( n , y )  i i—
1
aCOCO 9 6 . 9 % 9 9 . 5 %
4 1 K  ( n , a )  j 3 . 1 % 0 . 5 %
T h e  r e l a t i v e  c o n t r i b u t i o n s  a r e  c a l c u l a t e d  o n  t h e  b a s i s  o f  a n  a v e r a g e  s o i l  
c o m p o s i t i o n  ( B o w e n ,  1 9 6 6 ) ,  a n d  p u b l i s h e d  c r o s s  s e c t i o n s  ( d e  S o e t e  e t  a l . ,  
1 9 7 2 ) .  M o s t  s u r p r i s i n g  i s  t h a t  ^  8 8 %  o f  t h e  2 7 M g  p b o t o p e a k  i s  d u e  t o  t h e  
p r e s e n c e  o f  A l  i n  t h e  s o i l  s a m p l e ,
F u r t h e r  c o m p l e m e n t a r y  i n f o r m a t i o n  m a y  b e  g a i n e d  f r o m  c o n v e n t i o n a l  
a c t i v a t i o n  b y  c o u n t i n g  t h e  l o w  e n e r g y  p h o t o n s  e m i t t e d  b y  t h e  s a m p l e  a s  
s h o w n  i n  F i g .  ( 5 . 2 ) .  T h i s  s p e c t r u m  i s  t h e  r e s u l t  o f  a n  i r r a d i a t i o n  i n  
t h e  t h e r m a l  f a c i l i t y  w i t h  s i m i l a r  t i m i n g  p a r a m e t e r s  t o  t h o s e  d e s c r i b e d  
p r e v i o u s l y ,  t h e  s a m p l e  b e i n g  c o u n t e d  o n  t h e  p u r e  G e  d e t e c t o r .  I s o t o p e s  
o f  4  e x t r a  e l e m e n t s ,  C o ,  N b ,  T h  a n d  U ,  a r e  p r e s e n t ,  a n d  a l t h o u g h  t h e  i s o t o p e s
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y
TARRABY SOIL (230  m g)
Peak Isotope Energy(keV) Peak Isotope Energy (
1 Br K „ 11.9 IO Ho K Pa 5S.3
2 Nb Kw 16.6 11 *°Com 58.5
3 a°Brm 37.0 12 23’ u 74.7
4 Sn »K „a 39.3 13 ” 3Th 86.6
3 S m K «, 40.1 14 ,M Dy 94.6
6 SmKr, 45.4 13 U5Sm 104.2
7 Ho K „ 2 46.7 16 ,5aEum> 121.8
8 Ho 47.3 17 27m 9 170.0
9 Ho Kp, 33.9
skaaa
E N E R G Y ( k e V ) 130 200
F i g .  ( 5 . 2 )  : L o w  e n e r g y  p h o t o n  s p e c t r u m  o f  a  s o i l  i r r a d i a t e d  f o r
1 0  m i n s .  i n  t h e  t h e r m a l  f a c i l i t y .
o f  S m ,  E u  a n d  D y  w e r e  d e t e c t e d  p r e v i o u s l y ,  t h e  b a c k g r o u n d  u n d e r  e a c h  p e a k  
i s  r e d u c e d  a n d  t h u s  t h e i r  d e t e c t i o n  l i m i t s  i m p r o v e d .  S o u r c e - d e t e c t o r  
d i s t a n c e  i n  t h i s  c a s e  w a s  ^  5  c m .
C y c l i c  a c t i v a t i o n ,  c o n s i s t i n g  o f  3 0  c y c l e s ,  e a c h  w i t h  5 s  i r r a d i a t e  a n d  
5 s  c o u n t ,  c o m b i n e d  w i t h  t h e  2 0  c m 3  G e ( L i )  d e t e c t o r  c o n t r i b u t e s  a  f u r t h e r  
t h r e e  n e w  e l e m e n t s  t o  t h e  l i s t  o f  t h o s e  d e t e c t a b l e ,  n a m e l y  S c ,  S e  a n d  H f ,  
a s  c a n  b e  s e e n  f r o m  F i g .  ( 5 , 3 ) .  N e v e r t h e l e s s ,  t h i s  t e c h n i q u e  i s  s e v e r e l y  
l i m i t e d ,  a g a i n  b y  t h e  p r o d i g i o u s  a c t i v i t y  o f  2 8 A 1 .
5 . 4 . 3  D e t e c t i o n  l i m i t s  a n d  s t a t i s t i c a l  p r e c i s i o n  e s t i m a t e s
T o  s u m m a r i s e  t h e  r e s u l t s  o b t a i n e d . f r o m  t h e  v a r i o u s  i r r a d i a t i o n  s c h e m e s ,  
t w o  q u a n t i t i e s  h a v e  b e e n  c a l c u l a t e d ,  n a m e l y  t h e  m i n i m u m  d e t e c t a b l e  q u a n t i t y  
o f  e a c h  e l e m e n t  a n d  t h e  s t a t i s t i c a l  p r e c i s i o n  o f  e a c h  i s o t o p e  s i g n a l .  T h e
C
O
U
N
TS
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5 10 15 20 25 30  35 40
ENERGY ( keV ) x 10*
F i g .  ( 5 . 3 )  : C u m u l a t i v e  G e ( L i )  s p e c t r u m  o f  a  s o i l  o b t a i n e d  b y  c y c l i c  
a c t i v a t i o n .
e l e m e n t a l  d e t e c t i o n  l i m i t s  a r e  c a l c u l a t e d  i n  y g / g  o n  a  2 / B  b a s i s  f o r  a  2 0 0  m g  
s o i l  s a m p l e  f o r  t h e  a n a l y s i s  s c h e m e s  d e s c r i b e d  a b o v e ,  a n d  p r e s e n t e d  i n  T a b l e
( 5 . 4 ) .  T h r o u g h  t h e  u s e  o f  s t a n d a r d s ,  t h e  i t e r f e r e n c e s  h a v e  b e e n  e l i m i n a t e d  
w h e r e  n e c e s s a r y ,  s u c h  t h a t  f o r  M g ,  A l  a n d  C l ,  t h e  v a l u e s  q u o t e d  a r e  e l e m e n t a l  
d e t e c t i o n  l i m i t s .  D u e  t o  t h e  p r e s e n c e  o f  i n t e r f e r e n c e s ,  a n d  a l s o  i n  p a r t i c u l a r  
c a s e s  e . g .  N h ,  t h e  l a c k  o f  a  s u i t a b l e  s t a n d a r d ,  T a b l e  ( 5 . 5 )  h a s  b e e n  i n c l u d e d .  
T h i s  p r o v i d e s  a n  e s t i m a t e  o f  t h e  s t a t i s t i c a l  p r e c i s i o n  w i t h  w h i c h  e a c h  i s o t o p e  
s i g n a l ,  i . e .  p h o t o p e a k  a r e a ,  m a y  b e  d e t e r m i n e d ,  c a l c u l a t e d  f r o m  1 0 0 / s  +  2 B / S % .
I n  t h i s  i n s t a n c e  t h e  e f f e c t  o f  i n t e r f e r e n c e s  h a s  n o t  b e e n  c o n s i d e r e d ,  s i m p l y  
t h e  o b s e r v e d  p h o t o p e a k  a r e a s ;  t h u s  M g  i s  m o s t  e a s i l y  d e t e c t e d  i n  a  t h e r m a l
9 7 • • # • •
i r r a d i a t i o n ,  w h e r e a s  M g  i s  m o s t  p r e c i s e l y  d e t e r m i n e d  f o l l o w i n g  a n  i r r a d i a t i o n  
u n d e r  c a d m i u m  i n  t h e  c o r e .  F o r  b o t h  t a b l e s ,  t h o s e  v a l u e s  e n c l o s e d  i n  b o x e s  
a r e  t h e  l o w e s t ,  t h a t  i s ,  b e s t  r e s u l t s  f o r  e a c h  e l e m e n t  o r  i s o t o p e .  T h e s e
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MODE : 
DETECTOR : 
FACILITY :
MODE : 
DETECTOR : 
FACILITY :
'CONVENTIONAL!
Table (5 .4 )  : detection limits (yg/g)
'CYCLIC’
,Ge(Li)'
THERMAL CORE CORE (Cd cover)
Ge(Li)
THERMAL CORE
ELEMENT ELEMENT ELEMENT
Na 49. 61. 150. Co 0.2 Sc 0.6
Mg 540. 780. 1900. Sm 0.1 Se 0.1
Al 80. - - Eu 0.06 Hf 0.2
Si 10.1% 2.3%' 0.2% Dy 0.06
Cl 61. 78. 144. Th 3.4
K 0.2% 0.3% 0.6% U 0.1
Ca 140. 160. 610.
Ti 60. 100. 330.
V 1.1 1.6 5.6
Mn 1.5 2.3 2.4
Br 2.4 4.9 5.2
Sr 60. 90. 35. DETECTION LIMIT = 2 X / SIGNAL BACKGROUND
Ba 17. CNCN 53.
Sin 0.2 0.5 0.1
Eu 0.1 0.3 0.5
Dy 0.1 0.2 0.4
T a b l e  ( 5 . 5 ' ) :  statistical accuracy of isotope signals (%)
1 CONVENTIONAL'. 'CYCLIC1
ISOTOPE
24!
27
28 
29 
38
42)
49(
51,
52,
Na
Mg
Al
Al
Cl
Mn
Br
87Srm
Ba139
155sm 
152 ^  
16SDy
THERMAL
LO]
7.8
□ d
24.
ND
12.
16.
2.4
3.7
2.9
26.
ND
17.
14.
4.9
Ge(Li)
CORE
1.2
3.9
0.5
6.2
ND
16.
17.
3.5
4.5 
4.3
17.
ND
11.
ND
ND
10.
CORE (Cd cover)
2.6
0.8
0.5
1.0
20.
ND
ND
10.
15.
5.0
ND
[ I D
18.
7t j
41.
23.
ISOTOPE
27.,Mg
60Com
8°Brm
94Nbm 
155Sm 
152Euml 
165.
233,
239,
Dy
Th
THERMAL
10.
11.
11.
15.
10.
12.
2.3
26.
5.1
ISOTOPE
28A1
46Scm
52v
77Sem
79Brm
165Dym
179H£m
Ge(Li)
CORE
0.5
6.4
29.
it ]
41.
28.
2 ♦ 1 ]
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G e ( L i )  a n d  G e  d e t e c t o r s  i n  I N A A  o f  g e o l o g i c a l  m a t e r i a l s ,  f o u n d  t h a t  i n  n e a r l y
a l l  c a s e s ,  a n a l y s e s  u s i n g  t h e  p l a n a r  G e  d e t e c t o r  y i e l d e d  s m a l l e r  c o u n t i n g  
e r r o r s  f o r  n u c l i d e s  m e a s u r a b l e  b y  b o t h  d e t e c t o r s .
5 . 5  D i s c u s s i o n  a n d  C o n c l u s i o n s
T a b l e  ( 5 . 4 )  s h o w s  t h a t  c o n v e n t i o n a l  a c t i v a t i o n  i n  t h e  t h e r m a l  f a c i l i t y  
y i e l d s  b e s t  r e s u l t s  f o r  1 1  e l e m e n t s  w h e n  c o m b i n e d  w i t h  t h e  G e ( L i )  d e t e c t o r  
a n d  a  f u r t h e r  6  w h e n  t h e  G e  l o w  e n e r g y  p h o t o n  d e t e c t o r  i s  i n c l u d e d .  C a d m i u m
s h i e l d i n g  f o r  c o r e  i r r a d i a t i o n s  i s  o n l y  o f  a d v a n t a g e  f o r  3  e l e m e n t s ,  w h i l s t ,
i n  g e n e r a l ,  t h e  d e t e c t i o n  l i m i t s  o b t a i n e d  b y  i r r a d i a t i o n  i n  t h e  c o r e  w i t h o u t  
s h i e l d i n g  a p p r o a c h  t h o s e  f r o m  t h e  t h e r m a l  f a c i l i t y .  T h i s  i s  n o t  e n t i r e l y  
s u r p r i s i n g  s i n c e ,  a s  m e n t i o n e d  p r e v i o u s l y ,  t h e  0 ° S T F  d o e s  n o t  p o s s e s s  a  w e l l -  
t h e r m a l i s e d  n e u t r o n  e n e r g y  s p e c t r u m  a l t h o u g h  i n t e r f e r e n c e  e f f e c t s  a r e  b e n e ­
f i c i a l l y  r e d u c e d  b y  t h e  u s e  o f  t h i s  f a c i l i t y .  W i t h  t h e  a d d i t i o n  o f  3  
e l e m e n t s  d e t e c t e d  t h r o u g h  c y c l i c  a c t i v a t i o n ,  t h e  t o t a l  n u m b e r  m e a s u r a b l e  b y  
t h e s e  t e c h n i q u e s ,  a l l  o f  w h i c h  r e q u i r e  n o  m o r e  t h a n  3 0  m i n u t e s  e x p e r i m e n t  
t i m e  p e r  s a m p l e ,  i s  b r o u g h t  t o  2 3 .
C y c l i c  a c t i v a t i o n  i n  c o n j u n c t i o n  w i t h  t h e  p u r e  G e  d e t e c t o r  h a s  b e e n  
i n v e s t i g a t e d  p r i n c i p a l l y  f o r  t h e  a n a l y s i s  o f  b i o l o g i c a l  m a t e r i a l s  ( C h a p t e r  3 ) .  
H o w e v e r ,  i t  w a s  f o u n d  u n s u i t a b l e  f o r  s o i l s  p r i n c i p a l l y  b e c a u s e  t h e  B r e m s s t r a h -  
l u n g  r e s u l t i n g  f r o m  t h e  p r o d u c t i o n  o f  i n t e n s e  3  - e m i t t e r s  c o n t r i b u t e d  t o  a n  
e x c e s s i v e l y  h i g h  b a c k g r o u n d  w h i c h  m a s k e d  d e t e c t i o n  o f  m o s t  o f  t h e  s i g n a l s .
I n  c o n c l u s i o n ,  I N A A  o f  s o i l s  b a s e d  o n  t h e  u s e  o f  s h o r t - l i v e d  i s o t o p e s  i s  
a b l e  t o  d e t e c t  s o m e  2 3  d i f f e r e n t  e l e m e n t s  b y  a  j u d i c i o u s  c o m b i n a t i o n  o f  
a n a l y t i c a l  s c h e m e s .  T h e  l i m i t i n g  f a c t o r  f o r  a l l  t h e  s c h e m e s  e m p l o y i n g  G e ( L i )  
d e t e c t o r s  w o u l d  a p p e a r  t o  b e  t h e  s a m p l e  a c t i v i t y  d u e  t o  t h e  p r o d u c t i o n  o f  2 8 A 1 ,
r e s u l t s  agree  w e ll  w ith  those  of Schock(1977), who, in  a comparison of
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w h i c h ,  e m i t t i n g  y - p h o t o n s  o f  e n e r g y  1 7 7 8 . 9  k e V ,  m a s k s  a  c o n s i d e r a b l e  
p a r t  o f  t h e  s p e c t r u m  b y  i t s  c o n t r i b u t i o n  t o  t h e  C o m p t o n  c o n t i n u u m .  T h e  
p r o d u c t i o n  o f  t h i s  i s o t o p e  s e e m s  u n a v o i d a b l e ,  i r r e s p e c t i v e  o f  t h e  c h o i c e  
o f  i r r a d i a t i o n  f a c i l i t y ,  a s  i t  i s  p r o d u c e d  b y  b o t h  n e u t r o n  c a p t u r e  a n d  
t h r e s h o l d  r e a c t i o n s  ( T a b l e  ( 5 . 3 ) ) .  C y c l i c  a c t i v a t i o n  i s  t h e  t e c h n i q u e  
w o r s t  a f f l i c t e d ,  a n d  h a s  p r o v e n  t o  b e  o n l y  o f  m a r g i n a l  b e n e f i t  i n  t h e  
a n a l y s i s  o f  s o i l s .
T h e  c a l c u l a t i o n  o f  e x p e r i m e n t a l  a d v a n t a g e  f a c t o r s  h a s  b e e n  s h o w n  t o  
p r o v i d e  a  g o o d  i n d i c a t i o n  o f  t h e  o c c u r r e n c e  o f  i n t e r f e r i n g  r e a c t i o n s ,  a l t h o u g h  
t h e i r  c o m p a r i s o n  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  i s  n o t  a l w a y s  p o s s i b l e  d u e  t o  
i n c o m p l e t e  c r o s s - s e c t i o n  d a t a  o n  s h o r t - l i v e d  i s o t o p e s ,  a l t h o u g h  s o m e  c o m p i l a t i o n s  
a r e  a v a i l a b l e  ( S t e i n n e s ,  1 9 7 1 ;  V a n  d e r  L i n d e n  e t  a l . ,  1 9 7 4 ) .
B  -  T a r r a b y  : a n  A r c h a e o l o g i c a l  T e s t  C a s e
5 . 6  B a c k g r o u n d  I n t r o d u c t i o n
T h e  t e c h n i q u e s  d e s c r i b e d  a b o v e  a r e  a p p l i c a b l e  t o  t h e  m a j o r i t y  o f  
s o i l  t y p e s  l i k e l y  t o  b e  e n c o u n t e r e d  i n  a n  a r c h a e o l o g i c a l  c o n t e x t .  B y  w a y  
o f  i l l u s t r a t i o n ,  t h e y  h a v e  b e e n  a p p l i e d  t o  a  p a r t i c u l a r  p r o b l e m ,  n a m e l y  
t h e  l o c a t i o n  o f  a  b u r i e d  s o i l .
T h e  p r o b l e m  o r i g i n a t e d  ( K e e l e y ,  1 9 7 5 )  a s  a  r e s u l t  o f  c o n s t r u c t i o n  
w o r k  o n  t h e  M 5  m o t o r w a y  i n  S o m e r s e t ,  t h e  p r o g r e s s  o f  w h i c h  w a s  m o n i t o r e d  
b y  a  s m a l l  e x c a v a t i o n  t e a m  i n  t h e  i n t e r e s t  o f  r e s c u e  a r c h a e o l o g y .  E v i d e n c e  
o f  a r c h a e o l o g i c a l  s i t e s  w a s  s o u g h t  b y  g e o p h y s i c a l  s u r v e y i n g  a n d  a l s o  b y  
e x a m i n a t i o n  o f  t h e  c o n t i n u o u s  d i t c h  s e c t i o n s  w h i c h  w e r e  c u t  p a r a l l e l  t o  
t h e  m o t o r w a y .  D u r i n g  t h e  c o u r s e  o f  t h i s  w o r k ,  s e v e r a l  h e d g e b a n k s  a n d  t h e  
s o i l s  w h i c h  w e r e  b u r i e d  a t  t h e  t i m e  o f  b u i l d i n g  ( p r o b a b l y  M e d i e v a l ,  f r o m  
d o c u m e n t a r y  e v i d e n c e ) ,  w e r e  s e c t i o n e d .  E x c a v a t o r s  w e r e  i n t e r e s t e d  i n
-  156 -
i )  e s t a b l i s h i n g  i f  t h e  h e d g e b a n k s  w e r e  b u i l t  o n  a  f u l l  p r o f i l e  o r  i f  t h e  
s o i l  w a s  t r u n c a t e d  ( i . e ,  d e t u r f e d )  a n d  i i )  w h e t h e r  t h e r e  w a s  a n y  e v i d e n c e  o f  
a  s e c o n d  p h a s e  o f  h e d g e - b u i l d i n g ,  w h i c h  w o u l d  b e  i n d i c a t e d  b y  t w o  b u r i e d  
s o i l s ,  o n e  b e l o w  t h e  o t h e r .
U n f o r t u n a t e l y ,  i t  w a s  i m p o s s i b l e  t o  t e l l  w h e r e  t h e  b u r i e d  s u r f a c e s  l a y .
T h e  s o i l s ,  d e v e l o p e d  o n  K e u p e r  M a r l  w h o s e  c h a r a c t e r i s t i c  d a r k  r e d  c o l o u r  
o b s c u r e d  a n y  v i s u a l  d i f f e r e n c e s ,  a l s o  p r o v i d e d  n o  e n v i r o n m e n t a l  e v i d e n c e ,  e i t h e r  
i n  t h e  f o r m  o f  s n a i l s ,  o r  p o l l e n  w h i c h  w e r e  n o t  p r e s e r v e d  d u e  t o  t h e  h i g h  
s o i l  p H .  H o w e v e r ,  t h e  p o s s i b i l i t y  o f  l o c a t i n g  t h e  b u r i e d  s u r f a c e s  b y  v a r i a t i o n s  
i n  c o n c e n t r a t i o n  o f  p a r t i c u l a r  e l e m e n t s  w i t h  d e p t h  t h r o u g h  t h e  p r o f i l e  w a s  
c o n s i d e r e d ,  t h e  b u r i e d  t u r f - l i n e  p e r h a p s  b e i n g  i n d i c a t e d  b y  e l e m e n t s  e x p e c t e d  
t o  a c c u m u l a t e  i n  t o p s o i l  d u e  t o  r e c y c l i n g  b y  p l a n t s  ( e . g .  M n ,  C o ) .
I n i t i a l  r e s u l t s  a t  t h i s  s i t e  p r o v e d  i n c o n c l u s i v e  a n d  i t  w a s  t h e r e f o r e  
d e c i d e d  t o  r e p e a t  t h e  m e a s u r e m e n t s  o n  a  p r o f i l e  w i t h  a  c l e a r l y  d e f i n e d  
b u r i e d  s o i l ,  i d e a l l y  i n  a n  a r e a  w i t h  s i m i l a r  p a r e n t  m a t e r i a l ,  w i t h  t h e  h o p e  t h a t  
r e s u l t s  f r o m  t h e  ' t e s t - c a s e '  w o u l d  a i d  i n t e r p r e t a t i o n  o f  d a t a  o b t a i n e d  f r o m  
o t h e r  s i t e s .  T h i s  w a s  n o t  p o s s i b l e  a s  s u i t a b l e  s i t e s  a r e  r a r e .  N e v e r t h e l e s s ,  
t h e  D o E  C e n t r a l  E x c a v a t i o n  U n i t  r e v e a l e d  v e r y  f i n e  e x a m p l e s  o f  b u r i e d  s o i l s  
a t  a  s e c t i o n  o f  H a d r i a n s  W a l l ,  n e a r  C a r l i s l e .
5 . 7  S i t e  d e s c r i p t i o n
T h e  p r o f i l e s  p o s s e s s i n g  b u r i e d  s o i l s  w e r e  l o c a t e d  i n  a n  a r e a  s u r r o u n d i n g  
a  r u i n e d  s e c t i o n  o f  H a d r i a n s  W a l l  a t  T a r r a b y  ( G . R .  4 0 5  5 7 6 ) ,  a  p l a n  o f  w h i c h  i s  
s h o w n  i n  F i g .  ( 5 . 4 )  . T h e  s i t e  i s  w i t h i n  a n  a r e a  o f  l o w ,  r o u n d e d  h i l l s
k
c o u r t e s y  o f  t h e  A n c i e n t  M o n u m e n t s  L a b o r a t o r y ,  D e p a r t m e n t  o f  t h e  
E n v i r o n m e n t .
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s i t u a t e d  a l o n g  t h e  n o r t h  b a n k  o f  t h e  l o w e r  r i v e r  E d e n .  T h e s e  o c c u p y  a  
c e n t r a l  p o s i t i o n  w i t h i n  t h e  b r o a d  v a l e  o f  t h e  C u m b e r l a n d  l o w l a n d  w h i c h  
i s  d e v e l o p e d  o n  S e d i m e n t a r y  r o c k s  o f  P e r m o - T r i a s s i c  a g e *  ( W i l k i n s o n ,  1 9 7 7 ) .
T w o  s p e c i f i c  p r o f i l e s  w e r e  s a m p l e d  a n d  t h e s e  a r e  i n d i c a t e d  o n  F i g .
( 5 . 4 )  a s  S i t e s  I  a n d  I I .  F i g .  ( 5 . 5 a )  i s  a  s c h e m a t i c  d i a g r a m  o f  b o t h  p r o f i l e s ,  
i n d i c a t i n g  t h e  v a r i o u s  h o r i z o n s  ( c o m p o n e n t  l a y e r s  o f  a  p r o f i l e )  w h i c h  a r e  a l s o  
t o  b e  s e e n  i n  F i g .  ( 5 . 5 b ) .  T h e  p r o f i l e s  w e r e  c u t  t h r o u g h  b a n k s  w h i c h  h a d  
b e e n  b u i l t  a s  p a r t  o f  t h e  R o m a n  d e f e n c e  s y s t e m  a n d  t h u s  h a d  b u r i e d  s o i l s  
b e n e a t h .  T o  m a r k  t h e  S o u t h e r l y  l i m i t  o f  t h e  H a d r i a n s ’ W a l l  f o r t i f i c a t i o n s ,  a  
b a n k  ( o r  v a l l u m )  w a s  c o n s t r u c t e d .  D u e  t o  e r o s i o n  a n d  a g r i c u l t u r a l  a c t i v i t i e s  
( p l o u g h i n g ,  e t c . )  t h i s  n o w  a p p e a r s  o n l y  a s  a n  u n d u l a t i o n  i n  t h e  f i e l d  b u t  i s  
c l e a r l y  s e e n ,  d u e  t o  i t s  l i g h t e r  c o l o u r ,  i n  t h e  S i t e  I  p r o f i l e  w i t h  t h e  
p r e s e n t  t o p s o i l  a b o v e  a n d  t h e  b u r i e d  s o i l  ( v e r y  d a r k  h o r i z o n )  a n d  s u b s o i l  
b e l o w .
A  s i m i l a r  f a t e  h a s  b e f a l l e n  t h e  f i g h t i n g  b a n k  w h i c h  m a r k e d  t h e  N o r t h e r n ­
m o s t  m i l i t a r y  r a m p a r t  a n d  t h u s  t h e  f i r s t  l i n e  o f  d e f e n c e .  T h e  S i t e  I I  p r o f i l e  
e x p o s e d  t o  a  d e p t h  o f  v  1 2 0  c m  s h o w s  t h i s  b a n k  i n  a  s i m i l a r  f a s h i o n  t o  t h a t  
o f  S i t e  I  e x c e p t  f o r  t h e  p r e s e n c e  o f  a n  a d d i t i o n a l  c l e a r l y - d e f i n e d  n a r r o w  
h o r i z o n  b e t w e e n  t h e  b u r i e d  s o i l  s u r f a c e  a n d  t h e  s u b s o i l  w h i c h  i s  l o o s e l y  
t e r m e d  a  ’ l e a c h ’ l a y e r  d u e  t o  i t s  v e r y  p a l e  c o l o u r .
5 . 8  S a m p l e  P r e p a r a t i o n
P r i o r  t o  s a m p l i n g ,  e a c h  p r o f i l e  w a s  c l e a n e d  b a c k  w i t h  a  t e f l o n  c o a t e d  
t r o w e l  t o  e x p o s e  a  f r e s h  f a c e  w h i c h  w a s  u n d i s t u r b e d .  S a m p l i n g  o f  e a c h  
h o r i z o n  a l w a y s  c o m m e n c e d  w i t h  t h e  l o w e s t ,  t o  a v o i d  c o n t a m i n a t i o n  w i t h  s o i l  
f a l l i n g  f r o m  t h e  h i g h e r  l e v e l s .  A p p r o x i m a t e l y  1  k g  ( w e t  w e i g h t )  o f  s o i l  
w a s  t a k e n  f o r  e a c h  s a m p l e  f r o m  t h e  p o i n t s  i n d i c a t e d  b y  t h e  b l a c k  c i r c l e s  
i n  F i g .  ( 5 . 5 b ) .  A t  S i t e  I ,  t h e  p r o f i l e  w a s  e x p o s e d  t o  a  s u f f i c i e n t  w i d t h
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F i g .  ( 5 . 5 a )  : S c h e m a t i c  d i a g r a m  o f  S i t e s  I  a n d  I I
Fig . (5 .5b) : Photographs of S i te s  I and I I
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t o  p e r m i t  2  s e r i e s  o f  s a m p l e s ,  s p a c e d  ^  3 5  c m  a p a r t ,  t o  b e  t a k e n .
R e s u l t s  f r o m  t h e s e  s a m p l e s  s h o u l d  s h o w  w h e t h e r  e l e m e n t a l  c o n c e n t r a t i o n s  
e x h i b i t  l a r g e  v a r i a t i o n s  h o r i z o n t a l l y  a c r o s s  t h e  f e a t u r e .
T h e  s o i l s  c o n t a i n e d  s i g n i f i c a n t  q u a n t i t i e s  o f  w a t e r  a n d  t h e r e f o r e  
t h e  f i r s t  s t e p  p r e p a r a t o r y  t o  i r r a d i a t i o n  w a s  d r y i n g .  F o u r  p r o c e d u r e s  
w e r e  i n v e s t i g a t e d ,  o n  s o i l s  f r o m  o n e  s a m p l e ,  w i t h  v a r y i n g  d e g r e e s  o f  
’ h o s t i l i t y '  t o  t h e  s a m p l e ,  a s  s u m m a r i s e d  i n  T a b l e  ( 5 . 6 ) ,
T a b l e  ( 5 . 6 )  : D r y i n g  p r o c e d u r e s
S o i l  w t . D r y i n g  m e t h o d D r y i n g  t e m p . D r y i n g  t i m e ^  P e r c e n t a g e  w t .  l o s s
2 0  g F r e e z e - d r y i n g a, - 6 0 ° C 1 7 h 1 3 . 5 %
2 0  g O v e n 6 0 ° C 1 1 2 h 1 2 , 8 %
1 0  g O v e n 1 4 0 ° C 2 h 1 3 . 1 %
2 0  g O v e n 5 0 0 ° C 2 h 1 5 . 3 %
T h e  g r e a t e r  w e i g h t  l o s s  a s  a  r e s u l t  o f  o v e n  d r y i n g  a t  5 0 0 ° C  i s  d u e  t o  
a s h i n g  o f  t h e  s a m p l e  ( A l l e n ,  1 9 7 4 ) .  A n a l y s e s  b y  I N A A  ( § 5 . 9 ) ,  c o n s i s t i n g  o f  
1 0  r e p l i c a t e  f r e e z e - d r i e d  s a m p l e s  a n d  2  e a c h  f r o m  t h e  o t h e r  p r o c e d u r e s ,  
s h o w e d  n o  m e a s u r a b l e  e l e m e n t a l  l o s s e s  t h r o u g h  v o l a t i l i s a t i o n  f r o m  a n y  o f  t h e  
s a m p l e s ,  s i n c e  a l l  m e a s u r e d  c o n c e n t r a t i o n s  l a y  w i t h i n  ±  2  s t a n d a r d  d e v i a t i o n s  
o f  t h e  d a t a  o b t a i n e d  f r o m  t h e  f r e e z e - d r y i n g .
F r e e z e - d r y i n g  i s  t h e  t e c h n i q u e  u s u a l l y  r e c o m m e n d e d  f o r  b i o l o g i c a l  
m a t e r i a l  ( P i l l a y ,  1 9 7 6 ;  O t h m a n  e t  a l . , 1 9 7 8 )  a n d  w a s  t h e r e f o r e  e m p l o y e d  i n  
t h i s  c a s e .  A p p r o x i m a t e l y  2 0  g  o f  s o i l  w a s  r e m o v e d  f r o m  e a c h  s a m p l e  b y  
q u a r t e r i n g  ( A l l e n ,  1 9 7 4 ) ,  d e e p  f r o z e n  f o r  4  h o u r s  a n d  f r e e z e - d r i e d  f o r  ■ 
n  1 7  h o u r s  ( u n t i l  c o n s t a n t  p r e s s u r e  o b t a i n e d ) , a l l  s a m p l e s  b e i n g  d r i e d  
s i m u l t a n e o u s l y  u n d e r  t h e  s a m e  c o n d i t i o n s .  T h e  d r i e d  s a m p l e s  w e r e  t h e n  
p l a c e d  i n  a  g r i n d e r / h o m o g e n i s e r  f o r  3 0 s ,  T h i s  o p e r a t e s  o n  t h e  p r i n c i p l e
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o f  v i b r a t i n g  t h e  s a m p l e  c o n t a i n e r  a t  h i g h  f r e q u e n c y  w h e r e u p o n  a g g r e g a t e s  
w i t h i n  t h e  s a m p l e  b r e a k  u p  u n d e r  t h e i r  o w n  w e i g h t  r e d u c i n g  t h e  m a j o r i t y  
o f  t h e  s o i l  t o  a  f i n e  t h o r o u g h l y  m i x e d  p o w d e r .  T h i s  p o w d e r  w a s  p a s s e d  
t h r o u g h  a  <v 1  m m 2  n y l o n  m e s h  ( S a l m o n ,  1 9 7 5 )  t o  r e m o v e  c o a r s e  d e b r i s .  
A p p r o x i m a t e l y  2 0 0  m g  q u a n t i t i e s  w e r e  t h e n  w e i g h e d  i n t o  p o l y t h e n e  c a p s u l e s  r e a d y  
f o r  i r r a d i a t i o n .
5 , 9  N e u t r o n  A c t i v a t i o n  A n a l y s i s
S i n c e  t h e  e l e m e n t s  w h i c h  w o u l d  b e  o f  d i a g n o s t i c  v a l u e  w e r e  n o t  k n o w n ,  
t h e  c h o i c e  o f  a n a l y s i s  s c h e m e  w a s  g o v e r n e d  t o  a  g r e a t  e x t e n t  b y  t h e  c r i t e r i o n  
o f  o b t a i n i n g  t h e  m a x i m u m  i n f o r m a t i o n  c o n c e r n i n g  e l e m e n t a l  c o n c e n t r a t i o n s  w i t h  
t h e  m i n i m u m  o f  a n a l y s i s  t i m e  p e r  s a m p l e  -  h e n c e  t h e  u s e  o f  s h o r t - l i v e d  i s o ­
t o p e s ,  T h e  ' c o n v e n t i o n a l '  s c h e m e  e m p l o y e d  ( c y c l i c  a n a l y s i s  h a v i n g  b e e n
s h o w n  o f  l i t t l e  b e n e f i t )  w a s  t h a t  d e s c r i b e d  i n  § 5 . 4 ,  n a m e l y  t .  =  t  =  t  =  6 0 0 s .
* J  i  w  c
I C I S  w a s  p r e f e r r e d  t o  t h e  t h e r m a l  f a c i l i t y  p u r e l y  o n  p r a c t i c a l  c o n s i d e r a t i o n s  
w i t h  o n l y  m a r g i n a l  s a c r i f i c e  i n  d e t e c t i o n  l i m i t s  o b t a i n a b l e  ( T a b l e  ( 5 . 4 ) ) ,
A  r e p r o d u c i b l e  s a m p l e  -  d e t e c t o r  d i s t a n c e  o f  2 4  c m  w a s  n e c e s s a r y  f o r  b o t h  
s o i l s  a n d  s t a n d a r d s ,  w i t h  t h e  a d v a n t a g e  t h a t  t h e  s i g n a l  f r o m  a n  i r r a d i a t e d  
' b l a n k '  c o n t a i n e r  w a s  s o  s m a l l  a s  t o  b e  n e g l e c t e d ,  t h u s  e l i m i n a t i n g  t h e  n e e d  
f o r  e i t h e r  b l a n k  s u b t r a c t i o n  o r  t r a n s f e r  o f  i r r a d i a t e d  s a m p l e s  t o  n e w  
c o n t a i n e r s .  S a m p l e s  w e r e  i r r a d i a t e d  i n  r a n d o m  o r d e r ,  i n t e r s p e r s e d  w i t h  
s t a n d a r d s ,  t o  p r e v e n t  b i a s i n g  o f  t h e  a n a l y s i s .
T h e  4 0 0 0  c h a n n e l  s p e c t r a ,  r e c o r d e d  o n  m a g n e t i c  t a p e ,  w e r e  a n a l y s e d  
u s i n g  t h e  S A M P 0  r o u t i n e .  S i n c e  o n l y  t h e  r e l a t i v e  v a r i a t i o n s  i n  e l e m e n t a l  
c o n c e n t r a t i o n  a r e  o f  i n t e r e s t ,  t h e  s t a n d a r d s  w e r e  u s e d  s i m p l y  t o  m o n i t o r  
t h e  f l u x  b e t w e e n  s o i l  i r r a d i a t i o n s ,  a n d  r e s u l t s  a r e  p r e s e n t e d  i n  u n i t s  o f  
c o u n t s / m g  f o r  t h e  i s o t o p e s  d e t e c t e d .
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I n  o r d e r  t o  e s t i m a t e  t h e  r e p r o d u c i b i l i t y  o f  t h e  m e a s u r e m e n t s  w i t h i n  
e a c h  s a m p l e ,  1 0  r e p l i c a t e s  f r o m  t h e  b a n k  ( v a l l u m )  a n d  b u r i e d  s o i l  ( o r g a n i c  
h o r i z o n )  o f  S i t e  I I  w e r e  a n a l y s e d ,  a n d  t h e s e  r e s u l t s  e x p r e s s e d  a s  p e r ­
c e n t a g e  d e v i a t i o n s  ( A )  f r o m  t h e  m e a n  ( x )  a r e  p l o t t e d  i n  h i s t o g r a m  f o r m  i n  
F i g .  ( 5 . 6 a , b , c )  f o r  1 3  o f  t h e  1 5  i s o t o p e s  d e t e c t e d .  A  i s  d e f i n e d  b y :
( x i ' x )  1 0 0
A  =  —   x  A R R  %  ( 5 . 1 )
X
w h e r e  x ^  =  c o n c e n t r a t i o n  o f  i s o t o p e  i n  i ^ i  r e p l i c a t e  s a m p l e  w h e r e  1  <  i  <  1 0 ,  
C o n c e n t r a t i o n s  f a l l i n g  b e l o w  t h e  d e t e c t i o n  l i m i t s  h a v e  a l s o  b e e n  i n d i c a t e d ,  
e x c e p t  f o r  3 8 C 1  a n d  4 9 C a  w h i c h  w e r e  d e t e c t e d  i n  <  5 0 %  o f  t h e  s a m p l e s  a n d  
t h e r e f o r e  e x c l u d e d .
T h e  m a j o r i t y  o f  i s o t o p e s  m e a s u r e d  a r e  m o r e  n a r r o w l y  d i s t r i b u t e d  i n  
t h e  b u r i e d  s o i l  h o r i z o n  t h a n  t h e  b a n k  ( p e r h a p s  s u g g e s t i n g  t h e  b a n k  c o m p r i s e s  
a  d i s t u r b e d  s o i l ? )  . T h i s  i s  d e m o n s t r a t e d  p a r t i c u l a r l y  c l e a r l y  b y  2 1 + N a  a n d  
2 8 A 1 ;  w h i l s  t  i t  i s  n o t i c e a b l e  t h a t  t w o  o f  t h e  m o s t  a b u n d a n t  e l e m e n t s  i n  t h e  
s o i l ,  s i l i c o n  d e t e c t e d  t h r o u g h  2 9 A 1  a n d  p o t a s s i u m  s h o w  s i m i l a r  d i s t r i b u t i o n s  
i n  b o t h  h o r i z o n s  a s  m i g h t  b e  e x p e c t e d .  I t  s h o u l d  b e  n o t e d  h o w e v e r  t h a t  t h e  
l a r g e r  s p r e a d  f o r  s o m e  i s o t o p e s  s u c h  a s  t h e  r a r e  e a r t h s  i s  d u e  i n  p a r t  t o  
t h e  s t a t i s t i c a l  e r r o r  i n v o l v e d  i n  t h e i r  m e a s u r e m e n t  ( T a b l e  ( 5 . 5 ) ) .  T h i s  i s  
c e r t a i n l y  n o t  t h e  c a s e  f o r  M n ,  s u g g e s t i n g  a  n o n - u n i f o r m  d i s t r i b u t i o n  w i t h i n  
t h e  s o i l  s a m p l e s .
D u e  t o  t h e  l a r g e  q u a n t i t y  o f  d a t a  i n v o l v e d ,  g r a p h i c a l  r e s u l t s  a r e  
o n l y  p r e s e n t e d  f o r  t h e  v a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  1 0  e l e m e n t s  w i t h  d e p t h  
t h r o u g h  t h e  S i t e  I I  p r o f i l e ,  a s  s h o w n  i n  F i g .  ( 5 . 7  a , b , c ) .  T h e  i s o t o p e s
5.10  R e s u l t s  and D iscu ss io n  o f  E lem en ta l Analyses
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F i g .  ( 5 . 6 a )  : P e r c e n t a g e  d e v i a t i o n s  f r o m  t h e  m e a n  o f  2 4 N a ,  2 7 M g ,  2 8 A 1  a n d  
5 2 V  m e a s u r e d  i n  S i t e  I I  s o i l s .
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F i g .  ( 5 . 6 b )  : P e r c e n t a g e  d e v i a t i o n s  f r o m  t h e  m e a n  o f  2 9 A 1 ,  4 2 K ,  5 1 T i ,
1 3 9 B a ,  1 5 2 E u m , 1 5 5 S m  a n d  1 6 5 D y  m e a s u r e d  i n  S i t e  I I  s o i l s .
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F i g ( 5 . 6 c )  : P e r c e n t a g e  d e v i a t i o n s  f r o m  t h e  m e a n  f o r  B r  a n d  M n
m e a s u r e d  i n  S i t e  I X  s o i l s
3 B C 1 ,  4 9 C a ,  8 0 B r ,  1 5 2 E u m  a n d  1 5 5 S m  h a v e  b e e n  s p e c i f i c a l l y . e x c l u d e d  s i n c e  
t h e y  a r e  p r e s e n t  i n  c o n c e n t r a t i o n s  v e r y  c l o s e  t o  t h e  l i m i t  o f  d e t e c t i o n  
a n d  r e s u l t s  f o r  t h e m  a r e  i n c o m p l e t e .  T h e  v e r t i c a l  e r r o r s  p l o t t e d  o n  
t h e s e  r e s u l t s  c o r r e s p o n d  t o  ±  2  s t a n d a r d  d e v i a t i o n s  ( s ) , a s  e s t i m a t e d  
f r o m  t h e  r e p l i c a t e  s a m p l e s  f r o m  t h e  b a n k  a n d  b u r i e d  s o i l .  T h e s e  a r e  
s u p p l i e d  s e p a r a t e l y  i n  T a b l e  ( 5 . 7 ) ,  e x p r e s s e d  a s  s / x %  f o r  b o t h  h o r i z o n s .  
T h e s e  v a l u e s  f o r  e a c h  i s o t o p e  e m b r a c e  n o t  o n l y  t h e  e l e m e n t a l  v a r i a t i o n s  
i n  c o n c e n t r a t i o n  w i t h i n  t h e  s o i l  b u t  a l s o  t h e  e x p e r i m e n t a l  e r r o r s  a s s o c i a t e d  
w i t h  t h e  t e c h n i q u e  ?  1 - 2 % )  a n d  t h o s e  i n c u r r e d  i n  t h e  c o m p u t e r  a n a l y s i s  
o f  t h e  s p e c t r a  ( <  1 %  -  ^  1 5 %  d e p e n d i n g  o n  t h e  p e a k  s i z e ) .
A l t h o u g h  s t a n d a r d  d e v i a t i o n s  w e r e  o n l y  m e a s u r e d  f o r  2  o f  t h e  6  s a m p l e s  
f r o m  t h i s  p r o f i l e ,  n a m e l y  t h e  u p p e r  p a r t  o f  t h e  b a n k  a n d  t h e  b u r i e d  s o i l ,  
f u r t h e r  r e p l i c a t e  a n a l y s e s  ( 2  a t  e a c h  d e p t h )  s h o w e d  t h a t ,  w i t h  t h e  e x c e p t i o n
-  165 -
-  166 -
o f  t h e  b a n k ,  t h e  s p r e a d  i n  a l l  r e s u l t s  c o u l d  b e  i n c l u d e d  w i t h i n  ±  2 s  o f  t h e  
b u r i e d  s o i l  d a t a .
T a b l e  ( 5 . 7 )  : P e r c e n t a g e  s t a n d a r d  d e v i a t i o n s  o f  i s o t o p e s  m e a s u r e d  i n  s o i l s
f r o m  S i t e  I I .
S t a n d a r d  d e v i a t i o n  ( % )
I s o t o p e B a n k B u r i e d  s o i l
2  t o  a 3 . 8 2 . 4
2 7 M g 3 . 0 3 . 9
2 8 a i 4 . 3 1 . 8
2 9 a i 6 . 0 4 . 8
4 2 K 9 . 1 1 4 . 4
5 1 T i 6 . 3 3 . 6
5 2  v 6 . 6 4 . 0
5 6 M n 1 9 . 8 9 . 8
1 3 9 B a 1 3 . 1 1 0 . 0
1 6 5 ] } y 1 1 . 6 9 . 6
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T h e  b e h a v i o u r  w i t h  d e p t h  o f  t h e  1 0  e l e m e n t s  d e t e c t e d  i n  a l l  t h e  
s a m p l e s  f a l l s  i n t o  t w o  c a t e g o r i e s .
i )  S i ,  T i ,  B a  a n d  D y  c o n c e n t r a t i o n s  a p p e a r  a p p r o x i m a t e l y  
c o n s t a n t  w i t h  d e p t h  i n  t h e  p r o f i l e .
i i )  N a ,  A l ,  K ,  V ,  M n  a n d  2 7 M g ,  w h i c h  c o m p r i s e s  t o  a  l a r g e
e x t e n t  t h e  A l  i n t e r f e r e n c e ,  e x h i b i t  a  g r a d u a l  i n c r e a s e  i n  
c o n c e n t r a t i o n  f r o m  t h e  t o p s o i l  t o  t h e  b a n k  f o l l o w e d  b y  
a  s h a r p  f a l l  a t  t h e  b a n k / b u r i e d  s o i l  b o u n d a r y .  L o w e s t  
c o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  a r e  f o u n d  i n  t h e  b u r i e d  
s o i l  h o r i z o n  w h i l s t  t h e  s u b s o i l  g e n e r a l l y  h a s  a  h i g h e r  v a l u e  
s i m i l a r  t o  t h a t  o f  t h e  t o p s o i l .  T h e  h i g h e s t  c o n c e n t r a t i o n s  
f o r  a l l  t h e s e  e l e m e n t s  o c c u r  i n  t h e  b a n k .
R e s u l t s  o b t a i n e d  f o r  t h e  S i t e  I  p r o f i l e  a r e  v e r y  s i m i l a r  t o  t h o s e  o f  S i t e  I I ,  
t h e  s a m e  e l e m e n t s  b e h a v i n g  i n  t h e  m a n n e r  d e s c r i b e d  b y  t h e  2  c a t e g o r i e s  a b o v e ;  
f o r  t h i s  r e a s o n ,  n u m e r i c a l  d a t a  f o r  S i t e  I  h a v e  n o t  b e e n  i n c l u d e d  h e r e .  
A g r e e m e n t  b e t w e e n  t h e  t w o  v e r t i c a l  s e r i e s  i s  g e n e r a l l y  c l o s e ,  s u g g e s t i n g  t h a t  
t h e s e  t r e n d s  e x t e n d  o v e r  a  l a r g e  p a r t  o f  t h e  b u r i e d  f e a t u r e .  T h e  l a r g e s t  
d i s c r e p a n c i e s  o c c u r  i n  t h e  b a n k  ( v a l l u m ) ,  m o s t  e s p e c i a l l y  f o r  M n  ( c . f .  F i g .  
( 5 . 7 b ) ) .
A t  b o t h  s i t e s ,  t h e  3  r a r e  e a r t h s  m e a s u r e d ,  E u ,  S m  a n d  D y ,  a r e  p r e s e n t  i n  
t h e  l o w e s t  l e v e l s  i n  t h e  s u b s o i l .  C l  a n d  C a ,  a l t h o u g h  d e t e c t a b l e  i n  <  5 0 %
o f  t h e  s a m p l e s  e x h i b i t e d  t h e i r  o w n  t r e n d s ,  C a  g e n e r a l l y  b e i n g  d e t e c t e d  o n l y
a t  s h a l l o w  d e p t h s  w i t h i n  t h e  p r o f i l e  ( t o p s o i l  r e g i o n )  w h i l s t  C l  o n l y  o c c u r r e d
i n  t h e  s u b s o i l  r e g i o n  i n  d e t e c t a b l e  q u a n t i t i e s .
I n  a d d i t i o n ,  a  s e r i e s  o f  m e a s u r e m e n t s  s p e c i f i c a l l y  d e s i g n e d  f o r  t h e  
d e t e r m i n a t i o n  o f  C o  w a s  c a r r i e d  o u t  o n  t h e  s o i l s  f r o m  t h e  S i t e  I I  p r o f i l e .
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C o  w a s  c o n s i d e r e d  o f  p a r t i c u l a r  i m p o r t a n c e  ( t o g e t h e r  w i t h  M n )  a s  t h e s e  
e l e m e n t s  a r e  m i c r o n u t r i e n t s  o f  g r e a t  a g r i c u l t u r a l  i m p o r t a n c e  ( H o d g s o n ,
1 9 6 3 )  a n d  m a y  t h e r e f o r e  a c c u m u l a t e  i n  h o r i z o n s  w i t h  s i g n i f i c a n t  p l a n t  
a c t i v i t y .  S a m p l e s  w e r e  i r r a d i a t e d  i n  t h e  0 ° S T F  ( t h e r m a l  f a c i l i t y )  a n d  
s u b s e q u e n t l y  c o u n t e d  o n  t h e  p u r e  G e  d e t e c t o r  ( § 5 . 4 ) .  T h e  r e s u l t s  o b t a i n e d  
s h o w e d  C o  t o  b e h a v e  i n  a n  i d e n t i c a l  m a n n e r  w i t h  t h e  o t h e r  e l e m e n t s  i n c l u d e d  
i n  c a t e g o r y  i i )  a b o v e .
M i t c h e l l  ( 1 9 6 4 ) ,  i n  a  v e r y  c o m p r e h e n s i v e  d i s c u s s i o n  o f  t r a c e  e l e m e n t s  
i n  s o i l s ,  s t a t e s  t h a t  o n e  o f  t h e  m o s t  i m p o r t a n t  f a c t o r s  g o v e r n i n g  t h e i r  
d i s t r i b u t i o n  i n  p r o f i l e s  i s  t h e  e f f e c t  o f  d r a i n a g e ,  a n d  r e p o r t s  a c c u m u l a t i o n  
o f  e l e m e n t s ,  e s p e c i a l l y  i n  s o l u a b l e  f o r m ,  i n  t h e  s u b - s u r f a c e  l a y e r s  o f  
p o o r l y - d r a i n e d  s o i l s ;  a  f a c t  a l s o  m e n t i o n e d  b y  H o d g s o n  ( 1 9 6 3 ) .  S i m i l a r  
r e s u l t s ,  n a m e l y  t h e  i n c r e a s e d  e l e m e n t a l  c o n c e n t r a t i o n s  i n  t h e  v a l l u m  
h o r i z o n  o f  b o t h  p r o f i l e s  h a v e  b e e n  o b s e r v e d  i n  t h e  T a r r a b y  s o i l s ,  w h i c h  a r e  
p o o r l y - d r a i n e d  w i t h  w a t e r l o g g i n g  b e i n g  a  c o m m o n  f e a t u r e  ( W i l k i n s o n  ( 1 9 7 7 ) ) .
T h e  r e s u l t s  o b t a i n e d  f o r  K  a r e  i n  a g r e e m e n t  w i t h  t h o s e  o f  M a t t i n g l y  
a n d  W i l l i a m s  ( 1 9 6 2 )  w h o  h a v e  s h o w n  t h a t  t h e  t o t a l  K  c o n t e n t  o f  a  s o i l  b u r i e d  
s i n c e  R o m a n  t i m e s  i s  t h e  s a m e  a s  t h e  s u r r o u n d i n g  s u r f a c e  s o i l ,  t h u s  s u p p o r t i n g  
t h e  a r c h a e o l o g i c a l  e v i d e n c e  t h a t  t h e  b u r i e d  s o i l  w a s  o n c e  e x p o s e d  a t  t h e  
s u r f a c e .
T h e  m a n n e r  i n  w h i c h  e l e m e n t s  a r e  d i s t r i b u t e d  w i t h i n  a  p r o f i l e  i s  t h e  
r e s u l t  o f  a  c o m p l e x  c o m b i n a t i o n  o f  p r o c e s s e s .  " A s  r o c k s  w e a t h e r  i n t o  s o i l s ,  
t h e  m i c r o n u t r i e n t  e l e m e n t s ,  l i k e  a l l  e l e m e n t a l  c o n s t i t u e n t s ,  a r e  s u b j e c t e d  
t o  t h e  l e a c h i n g  w a t e r s  p a s s i n g  t h r o u g h  t h e  s o i l .  P l a n t  r o o t s ,  a b s o r b i n g  
s u r f a c e s ,  a n d  c o p r e c i p i t a t i n g  i o n s  c o m p e t e  w i t h  t h e  l e a c h i n g  s o i l  s o l u t i o n ,  
w i t h  t h e  r e s u l t  t h a t  e a c h  e l e m e n t ,  r e s p o n d i n g  t o  t h e s e  f o r c e s  i n  d i f f e r e n t  
w a y s ,  b e c o m e s  d i s t r i b u t e d  i n  t h e  s o i l  i n  a  c h a r a c t e r i s t i c  m a n n e r " .  ( H o d g s o n ,
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1 9 6 3 ) .  T h u s  a n y  a t t e m p t  t o  e x p l a i n  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  
s h o u l d  c o m p r i s e  t o  a  c o n s i d e r a b l e  e x t e n t  o f  s o i l  c h e m i s t r y ,  w h i c h  i s  
b e y o n d  t h e  s c o p e  o f  t h i s  w o r k .
N e v e r t h e l e s s ,  t h e s e  r e s u l t s  s u g g e s t  t h a t ,  f o r  t h i s  s i t e  i n  p a r t i c u l a r ,  
i t  i s  p o s s i b l e  t o  l o c a t e  s o i l  f e a t u r e s  w i t h i n  a  p r o f i l e  b y  s t u d y i n g  t h e  
v a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  c e r t a i n  e l e m e n t s ,  N a ,  A l ,  K ,  V  a n d  p o s s i b l y  
M n .  D u e  t o  t h e  e l e v a t e d  c o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s ,  t h e  b a n k  a p p e a r s  
e a s i e r  t o  i d e n t i f y  t h a n  t h e  o l d  g r o u n d  s u r f a c e  w h i c h  i t  b u r i e s ,  a l t h o u g h  
t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  i n t e r f a c e  b e t w e e n  t h e s e  t w o  h o r i z o n s  i s  
v e r y  s h a r p .
5 . 1 1  S u p p l e m e n t a r y  P h y s i c a l  a n d  C h e m i c a l  A n a l y s e s
I n  a d d i t i o n  t o  t h e  e l e m e n t a l  a n a l y s i s ,  v a r i o u s  s t a n d a r d  p h y s i c a l  a n d  
c h e m i c a l  m e a s u r e m e n t s  w e r e  m a d e  o n  t h e  s o i l s  f r o m  t h e  S i t e  I I  p r o f i l e ,  t h e  
v a r i o u s  h o r i z o n s  p e r h a p s  b e i n g  s e g r e g a t e d  b y  m o r e  c h a r a c t e r i s t i c s  t h a n  j u s t  
t h e i r  c o l o u r  ( e l e m e n t a l  c o n s i d e r a t i o n s  a p a r t ) .
T h e  s i m p l e s t  o f  t h e s e ,  l o s s  o n  i g n i t i o n  m e a s u r e m e n t s ,  w e r e  m a d e  b y  
h e a t i n g  'v 5  g  o f  e a c h  ( p r e v i o u s l y  f r e e z e - d r i e d )  s o i l  i n  a  f u r n a c e  a t  4 5 0 ° C  
( A l l e n ,  1 9 7 4 )  f o r  2 2  h o u r s .  T h e  s a m p l e s  w e r e  t h e n  r a p i d l y  t r a n s f e r r e d  t o  
t h e  f r e e z e - d r y e r  a n d  a l l o w e d  t o  c o o l  u n d e r  v a c u u m ,  t o  p r e v e n t  t h e  a b s o r p t i o n  
o f  m o i s t u r e .  P e r c e n t a g e  w e i g h t  l o s s e s  a s  a  r e s u l t  o f  t h i s  t r e a t m e n t  a r e  
g i v e n  i n  T a b l e  ( 5 , 8 ) .  L o s s  o n  i g n i t i o n  m e a s u r e m e n t s  a r e  u s e d  a s  a n  a p p r o x i ­
m a t e  g u i d e  t o  c a r b o n  a n d  o r g a n i c  m a t t e r  c o n t e n t  o f  s o i l s .
A  m o r e  a c c u r a t e  e s t i m a t e  o f  t h e  o r g a n i c  c a r b o n  c o n t e n t  w a s  o b t a i n e d  
( J o n e s ,  1 9 7 8 )  b y  a  t e c h n i q u e  w h i c h  r e l i e s  o n  m e a s u r i n g  t h e  q u a n t i t y  o f  C 0 2  
r e l e a s e d  a s  a  r e s u l t  o f  c h e m i c a l  o x i d a t i o n  o f  t h e  s o i l .  T h e s e  v a l u e s ,  
t o g e t h e r  w i t h  o r g a n i c  m a t t e r  c o n t e n t s ,  a r e  a l s o  g i v e n  i n  T a b l e  ( 5 . 8 ) ,
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Table (5 .8 ) : Organic matter and p a r t ic le  s ize  analyses o f  S ite  I I  
s o i l s .
Horizon Topsoil Bank Buried s o i l Subsoil
Sample depth (cm) 20-30 50-60 75-84 90-94 94-99 110-117
Loss on ig n i t io n  (%) 5.0 2.8 2.7 3.0 2.2 2.2
Organic carbon (%) 2.16 0.45 0.02 0.71 0.07 0.03
Organic matter (%) 3.72 0.77 0.03 1.22 0.12 0.05
P a r t ic le  s ize  analyses
600 ym -  2 mm (%) 6 9 7 2 2 4
200 ym -  600 ym (%) 17 18 16 11 9 17
60 ym -  200 ym (%) 34 25 25 38 40 35
2 ym -  60 ym (%) 30 31 32 36 36 31
< 2 ym (%) 13 17 20 13 13 13
Various fac tors  are used fo r  the conversion o f  organic carbon to organic matter. 
The ra t io  between the two has long been accepted as 1.72 and is  based on the 
assumption that s o i l  organic matter contains 58% carbon (A l len ,  1974). The 
resu lts  obtained by loss on ig n i t io n  are higher than the organic matter 
estimates because, at the temperature o f  ashing, some bound water is  also 
lo s t  from the clay minerals in the s o i l .
These resu lts  c le a r ly  show the loca t ion  o f  the old ground surface, 
since the organic matter content is  much higher than in the neighbouring 
horizon, although not so high as the present to p so i l .  This is  probably due 
to severa l hundreds o f  years leaching and a lternate  seasonal w ett ing  and 
drying having reduced the o r ig in a l  organic matter content o f the buried 
s o i l .  The horizon termed the ’ leach ’ la y e r ,  94-99 cm deep, has .a very  low 
organic matter content, thus exp la in ing i t s  ch a ra c te r is t ic  pa le ,  sandy 
colour, w h ils t  the to p so i l  and buried s o i l  are no ticeab ly  the darkest 
hor izons ,
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P a r t ic le  s ize  analyses were a lso performed (Jones, 1978) on the 
s o i ls  from S ite  I I .  The methods employed fo r  th is purpose are fu l ly  
described by Shackley (1975) and are based on a combination o f dry and 
wet s iev in g  fo r  p a r t ic le s  la rge r  than 60 ym and sedimentation fo r  the 
smaller s ize  fra c t ion s .  The p a r t ic le  s iz e  d is tr ibu t ions  are a lso included 
in Table (5 ,8 ) .  F ig . (5 .8 ) shows the p a r t ic le  s ize  classes defined by the 
S o il  Survey o f England and Wales (Hodgson e t  a l . ,  1976) w ith groupings 
based on the proportions o f  sand, s i l t  and clay s ize  grades. The 6 samples 
are marked on this diagram, ly in g  c lo se ly  together on the sandy loam/clay 
loam boundary, from which i t  may be seen that the various S ite  XI horizons 
cannot be d istinguished. However, inspection o f Table (5 .8 ) shows that 
the bank horizon has a p roport ionate ly  higher c lay content than the other 
horizons.
This is  not e n t i r e ly  a surpris ing resu lt  since the concentrations o f  
such elements as Co (Kubota, 1972), and a number o f o th er .trace  elements 
including V (Le Riche and Weir, 1963) appear to be associated with the clay 
content o f  the s o i l ,  th e ir  concentrations being higher than in the sand or 
s i l t  f ra c t ion s ,  a fa c t  a lso noted by other reviewing authors (Hodgson, 1963; 
M itch e l l ,  1964). This is  r e f le c te d  in  the resu lts  obtained fo r  Co and V 
from S ite  I I .  In con trad ic t ion , Le Riche and Weir found that the elements 
T i , Sr and Ba showed l i t t l e  v a r ia t io n  in concentration between the sand/silt/ 
clay fra c t ion s ;  again in complete agreement with the T i and Ba resu lts  from 
S ite  I I .  I t  is  also perhaps in te re s t in g  to note that the mineral components 
in s o i ls  may be divided in to  2 c lasses , primary and secondary. Primary 
minerals are derived from rock and are usually almost a l l  to be found in 
the coarser p a r t ic le  s iz e  grades, whereas secondary m inerals, formed by 
in terac t ion  o f  primary minerals and the s o i l  so lu t ion , are almost e n t i r e ly  
confined to the clay grade (Limbrey, 1975). Thus i t  would appear to be the 
secondary minerals which are r ich er  in the elements measured in th is study.
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F ig .  (5 .8 ) : P a r t ic le  s iz e  c la s s i f i c a t io n  (Hodgson e t  a l . , 1976) o f
S ite  I I  s o i l s ;  topso il  ( 1 ) ,  bank (2 ,3 ) ,  buried s o i l  (4 ) ,  
leached s o i l  (5) and subsoil (6 ) .
5.12 Cluster Analysis o f  Tarraby Data
Typical o f  any multielemental analysis o f  a la rge  number o f samples is  
an m x n resu lts  tab le , where m is  the number o f  elements determined in n 
samples. Various approaches may be adopted to i t s  in te rp re ta t ion .  Graphs may 
be p lo t ted ,  as in F igs. (5 .7 a ,b ,c ) ,  o f  ind iv idua l elemental var ia t ions  between 
samples, which are idea l when m and n are small. However, i f ,  as is  genera lly  
the case with INAA, the number o f  elements determined is  large  (m £ 10, say ),  
and the same is  true fo r  the number o f  samples analysed (n > 1 0 ) , then in t e r ­
p re ta t ion  o f  the resu lts  by inspection or simple graph p lo t t in g  becomes a 
tedious, even bewildering, task. M u lt iva r ia te  data analysis methods are there­
fo re  required, which w i l l  reduce this m x n matrix to an ea s i ly  assim ilable
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form, by revea ling  i t s  structure without any unacceptable d is to r t ion  or 
loss o f  information. One such n o n -s ta t is t ic a l  technique, which finds i t s  • 
o r ig ins  in b io lo g ic a l  sc ience, is  that o f  c lu s ter  analys is . A comprehensive 
review o f  the applications o f  th is c la s s i f i c a t io n  method to ac t iva t ion  
analysis data in archaeology is  g iven by Harbottle (1976). There e x is t  a 
large number o f  permutations o f  the technique discussed in d e ta i l  in that 
review and even more fu l l y  by Sneath and Sokal (1973). The p a rt icu la r  
technique d iscr ibed  in Appendix I I I  is  a f t e r  Davis (1973), whose computer 
program CLUSTR was implemented and modified to perform c lu s ter  analysis on 
the Tarraby data.
Although c la s s i f i c a t io n  o f  the Tarraby s o i l  samples, according to s i t e
and horizon o f  o r ig in ,  is  known, c lu s te r  analysis has been performed on the
samples (o b je c t s ) ,  characterised by th e ir  elemental compositions (a t t r ib u t e s ) ,  
fo r  two reasons. F i r s t l y ,  since the Tarraby s i t e  has been used as a t e s t -
case fo r  the locat ion  o f  buried s o i l s ,  the well-documented data is  id e a l ly
suited to assess the performance o f  the c lus ter  analysis technique together 
w ith choice o f  s im i la r i ty  c o e f f i c i e n t  and form o f input data to obtain the 
best c la s s i f i c a t io n  o f  s o i ls  e .g .  from a p r o f i l e  with ind istingu ishab le  
horizons. Secondly, the resu lts  o f  the c lu s ter in g  may enable further 
in terp re ta t ion  o f  the data.
Therefore, the resu lts  from both Sites I  and I I  including r ep l ica te  
analyses, a to ta l  o f  47 samples, each characterised by 10 elemental 
concentra tions, were combined in a random fashion and subjected to WPGMA 
c luster ing  (Appendix I I I ) . Dendrograms were obtained fo r  c luster ing  performed 
using the Mean Euclidean Distance applied to the raw, standardised and 
logarithm ic data, and also using the C orre la t ion  C o e f f ic ie n t  applied to 
the raw and standardised data. The ch a rac te r is t ics  o f  the dendrogram are 
summarised below, according to s im i la r i t y  c o e f f i c i e n t  and form o f input data.
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Raw data . Two p r in c ipa l c lusters are ev iden t, one consisting 
o f  the buried bank samples from both s i t e s ,  w h ils t  the other 
encloses the remainder o f  the samples with no strong c la s s i f i c a ­
t ion  according to horizon or s i t e .  Thus this c luster ing  
procedure tends to emphasise those samples which are very 
d i f f e r e n t  to the m a jor ity , a feature also noted by Davis (1973).
i i )  Standardised data. The dendrogram obtained is  shown in  F ig , 
(5 .9 ) .  This method provides the best c la s s i f i c a t io n  o f  the 
Tarraby data. Again, two p r in c ipa l c lusters  are ev ident, one 
o f  which comprises the buried bank samples from both s i t e s  
(except fo r  2 topso i l  samples located d ir e c t ly  above the S ite  
I  bank). The other main c lu s ter  is  subdivided into buried s o i l ,  
topso i l  and 2 separate subsoil groups. The .10 r ep l ic a te  samples 
from 2 S ite  I I  horizons form t ig h t  c lusters  w ith in  the main 
d iv is io n s ,  w h ils t  there is  even some in d ica t ion  o f  d i f fe r e n ­
t ia t io n  between the 2 s i t e s .  Thus standardisation appears to 
emphasise the more subtle va r ia t ion s  w ith in  the data in this 
instance,
i i i )  Logarithmic data. No d is t in c t  c la s s i f i c a t io n  is  apparent, except 
poss ib ly  the to p so i l .  Many samples, even from the r ep l ic a te  
analyses are m isc la ss i f ied .
b) C orre la tion  C o e f f ic ien t
i )  Raw data. Since the data matrix is  unstandardised, a l l  the 
r . -  values are > 0.988 resu lt in g  in a ’ compressed’ dendro-
a  « D
a) Mean Euclidean Distance
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F ig (5 .9) : Dendrogram resu lt in g  from WPGMA c lu s ter  analysis performed on 
standardised data, using Mean Euclidean Distance (d 
as s im i la r i t y  c o e f f i c i e n t  a’
gram. However, with the exception o f 4 samples, this method 
provides complete segregation  between S ites I  and I I  as can 
be seen from F ig . (5 .10 ).  Within the S ite  I I  c lu s te r ,  the 
buried s o i ls  are p a r t ic u la r ly  w e l l  c la s s i f i e d ,  although, in 
general, th is method does not reso lve  the ind iv idual horizons 
with any degree o f  success.
i i )  Standardised data. This method resu lts  in very s tragg led ,
loose ly  bound c lusters  w ith severa l examples o f  m is - c la s s i f i -  
cation.
Thus, i t  can be seen from these resu lts  that the qu a lity  and type o f  
c la s s i f ic a t io n  is  extremely dependent on the s im i la r i ty  c o e f f i c i e n t ,  the 
form in which the data is  supplied, and, although not demonstrated here, 
the c luster ing  method used. For the loca t ion  o f  p a r t icu la r  s o i l  horizons, 
the subject o f  th is  te s t-case ,  the Mean Euclidean Distance ca lcu lated  on 
standardised data provides the best resu lts .  I t  is  worth noting that when 
this method was applied to the data fo r  only 8 elements (w ith the omission 
o f  Mn and D y ), the bank could s t i l l  be id e n t i f ie d  but severa l other samples 
were m is - c la s s i f ie d . This is  a demonstration o f  Sneath and Sokal’ s (1973) 
f i r s t  p r in c ip le  o f  Numerical Taxonomy: "The greater the content o f information 
in the taxa o f a c la s s i f i c a t io n  and the more characters on which i t  is  based, 
the b e t te r  a given c la s s i f i c a t io n  w i l l  be ".  Thus an NAA scheme designed to 
y ie ld  resu lts  su itab le  fo r  c lu s te r  analysis should aim fo r  as many elements as 
p o s s ib le .
5.13 Conclusions
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Measurement o f  the d is t r ib u t io n  o f  elements throughout a s o i l  p r o f i l e  
has been used to locate  a buried s o i l  horizon in two separate p r o f i l e s  at 
Tarraby, C a r l is le .  The resu lts  fo r  10 elements have been compared with the
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F ig (5.10) : Dendrogram resu lt in g  from VVPGMA c lu s ter  analysis performed on
raw data, using Correlation Coefficient (r& for s im ilarities
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organic matter contents and p a r t ic le  s iz e  d is tr ibu t ions  throughout one 
p r o f i l e  to provide an in d ica t ion  o f  some o f  the processes a f fe c t in g  the 
elemental d is tr ib u t ion s .  The buried s o i l  is  lower in organic matter 
content than the present s o i l ,  probably as a resu lt  o f  leaching during the 
hundreds o f  years o f  b u r ia l ,  but poss ib ly  as a resu lt  o f  de -tu r fing  
practiced  by the Romans who used the turves to re in fo rce  th e ir  banks 
(Webster, 1965). A lso , those elements expected to be accumulated by 
plants are conspicuously absent.
The mechanical trans loca tion  o f  c lay ,  c ited  by M itch e ll  (1964) as one 
o f  the ch ie f  fac tors  invo lved  in the p r o f i l e  d i f fe r e n t ia t io n  o f  trace 
elements, appears to in fluence the resu lts  o f  th is study. The bank horizon 
is  r icher in  clay p a r t ic le s  than any other horizon, and also in the elements 
Na, A l ,  K, V and Mn, although other fa c to r s ,  such as waterlogg ing must 
c e r ta in ly  be considered to have played a part.
During the process o f  construction o f  a defensive d itch , the sp o i l  
from the d itch  was usually used to bu ild  the associated bank, or rampart, 
(Webster, 1965). Thus the composition (e lem ental, organic, p a r t ic le  s i z e )  o f  
the buried bank at Tarraby might be expected to be s im ila r  to the subsoil -  
a resu lt  d e f in i t e ly  not obtained. C luster analysis shows the buried bank to 
be the most e a s i ly  d is t ingu ishab le  o f  a l l  the horizons due to i t s  d i f fe rences  
in elemental composition, w h ils t  a l l  corresponding horizons appear very  s im ila r  
between p r o f i l e s  at locat ions severa l hundred metres apart.
In conclusion, th ere fo re ,  these resu lts  suggest that, fo r  th is s i t e  
in  p a r t icu la r ,  i t  is  poss ib le  to loca te  s o i l  features w ith in  a p r o f i l e  by 
studying elemental d is t r ib u t io n s .  NAA, as performed here, although more 
e laborate  than the organic matter or p a r t ic le  s ize  analyses, provides a
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much more conclusive segregation o f  the various horizons, e sp ec ia l ly  
when used in conjunction w ith  cluster analysis methods. As a refinement 
fo r  future use, the elemental contents o f  separate p a r t ic le  s ize  fra c t ion s  
(p a r t icu la r ly  < 2 ym fra c t io n )  may provide an even c lea re r  p ic tu re  o f  the 
horizons w ith in a s o i l  p r o f i l e .
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CHAPTER 6 
THE MEASUREMENT OF FLUORINE IN BONE
6.1 Introduction : The Dating o f  F oss i l  Bone
The r e l i c s  o f ea r ly  l i f e  and o f  evolutionary progress are inherited
in severa l forms, one o f  the most important being bone which may have 
survived thousands and even m il l ion s  o f  years o f  b u r ia l .  I t  is  the 
d iscovery o f  fragments o f  human skele ta  that has enabled palaeonto­
lo g is ts  and anthropologists to trace the development o f  man from his
p r im it iv e  o r ig in s .  Needless to say, the accurate dating o f  bone is  essen t ia l
in the understanding o f  i t s  s ig n i f ic a n ce ,  and is  a problem to which s c ien t is ts  
and archaeologists  have addressed themselves fo r  hundreds o f years.
Apart from radiocarbon dating, there ex is ts  no recognised, r e l ia b le  
method fo r  the absolute dating o f  ancient bones per se. (Note: absolute 
dating implies assigning an age to an ob je c t ,  e .g .  in years Before Present,
BP, w h ils t  r e la t i v e  dating may locate  an ob jec t w ith in  a chronolog ica l 
sequence o f  other ob jec ts , o f  which the absolute ages are unknown). This 
technique is  w e l l -su ited  to the dating o f bones fo r  the period 50,000 BP 
to the present day (T i t e ,  1972), but su ffers  from the disadvantage that, the 
o lder  the bone, the less associated organic m ateria l remaining and there fore  
the la rge r  the bone sample required to y ie ld  the amount o f carbon necessary 
fo r  ana lys is .  Thus, fo r  a unique and p a r t icu la r ly  ancient f in d , the 
s itu a t ion  might ar ise  in which the whole bone is  destroyed in  the process o f  
dating i t !  C lea r ly ,  there ex is ts  a need for add it iona l methods o f  dating to 
supplement that o f  radiocarbon.
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Several a l te rn a t iv e  dating techniques have been postulated which 
are re la ted  to the complex chemical and physica l a l te ra t io n  processes 
which a bone undergoes a f t e r  b u r ia l .  These techniques r e ly  on the 
progress ive  accumulation or depletion o f  substances, which are e i th e r  
present in normal bone, or fo re ign  to i t ,  as a function o f  time. Cook 
(1960) has ex ten s ive ly  reviewed the dating o f  p reh is to r ic  bone by chemical 
ana lys is ,  and the fo l low in g  paragraphs summarise the various methods.
The composition o f  bones can be div ided in to  two components, organic 
and inorgan ic. The disappearance o f  a v a r ie t y  o f  organic substances, such 
as f a t ,  c i t r i c  acid (necessary fo r  the m inera lisa tion  o f bone in  v i v o ) , 
organic carbon (r e la ted  to the to ta l  organic content, i . e .  f a t ,  p ro te in  
and carbohydrate), n itrogen (due to bone p ro te in ) and amino acids (components 
o f  the p ro te in ) have been inves t iga ted  fo r  the purposes o f  dating.
Fat and c i t r i c  acid disappear rap id ly  ?  few hundred years ) a f t e r  
bu r ia l w h ils t  the bone p ro te in  (co lla gen ) p e rs is ts  f o r  much longer periods 
o f  time. Indeed, Cook reports that co llagen  f ib re s  have been demonstrated 
with the e lectron  microscope in  bone from Neanderthal man ('v 35-85,000 years 
o l d ) , although chemical assay o f  much more recent bones (14,000 years o ld ) 
suggests that the proteinaceous m ateria l has almost completely disappeared 
and that only the co llagen  structure is  retained as part o f  the process o f  
f o s s i l i s a t io n  (Race e t  a l . ,  1968). Ezra and Cook (1957) draw the conclusion 
that decomposition o f  pro te in  proceeds extremely s low ly over many thousands 
o f  years but tends to re lease  in the process certa in  amino acids while  
re ta in in g  others with great tenac ity .
Thus the measurement p r in c ip a l ly  o f  n itrogen , o f  which there is  4-5% 
in fresh bone, provides a useful guide to the r e la t i v e  an tiqu ity  o f  a bone
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(Oakley, 1963) ; r e la t iv e  because the rate o f decline depends on the 
phys ica l, chemical and b a c te r io lo g ic a l  conditions o f  interment. Due to the 
minute quantit ies  o f  p ro te in  remaining, Cook considers the determination 
o f  organic matter by to ta l  n itrogen  can be o f  rea l use no further back 
than the upper P le is tocene  period (a- 25,000 years BP).
The inorganic component o f  bone, including dental enamel and dentine, 
consists o f  a calcium carbonate-phosphate containing much sm aller, but 
measurable quantit ies  o f  water and a va r ie ty  o f  minor and trace elements.
This bone mineral e x is ts  in  a s ing le  c ry s ta l l in e  phase o f  carbonate-hydro- 
xyapatite  (Mc Connell, 1962). F o s s i l is a t io n  involves the chemical a l t e ra ­
t ion  o f  bone mineral by a v a r ie ty  o f  complex processes which may resu lt  in 
changes in the content o f  carbon d iox ide ,  chemically combined water, or the 
major or minor constituent elements, including the p o s s ib i l i t y  o f  absorption 
of elements fo re ign  to bone. Thus the complexity o f  the in teractions  that 
a bone undergoes during b u r ia l cannot he expressed as a simple, un itary , 
recognisable process, which prompts Cook to s ta te ,  "A un iversal dating 
system based upon the normally occurring inorganic constituents o f  bone is  
a p r io r i  impossible. I t  is  only when we encounter a completely fo re ign  
element which may qu a n t ita t iv e ly  unite with hydroxyapatite that we have the 
p o te n t ia l i t y  fo r  a v a l id  dating system. Such an element is  f lu o r in e ,  and to 
i t  considerable a tten tion  must he devoted".
One o f  the e a r l i e s t  analyses o f  f lu or ine  in f o s s i l  bones fo r  the 
purposes o f  dating was reported by Middleton (1844) to the Geological 
Society o f  London. The element f lu or in e  occurs in most pe rco la t in g  ground 
water, from which i t  is  absorbed by bone as the anion F by exchange with the 
hydroxyl (OH ) ion in the apa tite  l a t t i c e ,  thus gradually converting hydro- 
xyapa.tite to f lu o r a p a t i t e . The amount o f  f lu or ine  increases w ith g eo lo g ica l  
age, from Or 1500 yg/g in fresh mammalian bone (Bowen, 1966) up to a th eo re t ica l  
maximum o f  3.77% F by weight fo r  f lu o r a p a t i t e . For example, the f lu or in e
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content o f  certa in  American Miocene (v  7-26 m il l io n  years o ld ) bones has 
been reported as rt, 3% (Parker e t  a l . ,  1974). The rate o f  accumulation o f  
f lu or in e  in bone var ies  from s i t e  to s i t e ,  but depends on the f lu o r id e  
concentration in the ground water, the surrounding s o i l  type including 
the presence o f  any in h ib it in g  or f a c i l i t a t in g  agents, climate and hydro- 
l o g ic a l  conditions, and f in a l l y  the p en e tra b i l i ty  o f  the bone. Due to these 
fa c to rs ,  f lu or in e  analysis can only be regarded as a r e la t iv e  dating technique. 
Cook also mentions that ch lo r in e , as w e l l  as f lu or in e  may be absorbed in the 
c rys ta l  l a t t i c e  by a s im ila r  substitu tion  fo r  the hydroxyl ion, f lu o r in e  
absorption predominating in a c id ic  rocks, whereas that o f  chlorine predo­
minating in basic rocks.
In add ition , uranium, a lso from the ground water, may be accumulated 
by bone through a substitu tion  react ion  with calcium, i t s  absorption rate 
being governed by s im ila r  fac tors  to those o f  f lu o r in e ,  enabling i t s  
p o ten t ia l  use as a dating method (Baud, 1960; S e itz  and Taylor, 1974;
Hamaguchi e t  a l . ,  1975). Thus the conditions o f  bu r ia l are o f  extreme 
importance (G ro f f ,  1971), and even the depth w ith in  the s o i l ,  since elemental 
concentrations can vary markedly, as demonstrated in Chapter 5.
For a par t icu la r  bone-bearing depos it , the rate o f  accumulation o f  
f lu o r in e  w i l l  depend on the type o f  bone, i . e .  whether i t  is  compact or 
spongy (cancellous) , the absorption rate  being s l i g h t ly  higher in the la t t e r  
type, due to i t s  greater  p o ro s ity .  Compact bone and dentine have s im ila r  
absorption rates w h ils t  that o f  enamel is  much slower. Parker e t  a l .  (1974) 
found f lu or ine  le v e ls  in  enamel to be as much as 4-5 times lower than in 
bone/dentine, and explained this in  terms o f  th e ir  d i f f e r in g  m icrostructures. 
Crystal s ize  in enamel is  ^200 time la rge r  than bone/dentine and there fore  
the smaller surface area per unit c ry s ta l  volume together with longer 
d i f fu s io n  distances from the c ry s ta l  boundaries resu lts  in slower absorption
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rates fo r  f lu or in e  in to  enamel. Consequently, the f lu o r in e  method should 
only be applied fo r  the r e la t i v e  dating o f  bones, s e lec ted ,  where p oss ib le ,  
fo r  th e ir  s im ila r  structure.
The question: ’ What time in te rva l  is  adequate to allow d i f fe r e n t ia t io n  
by f lu o r in e  an a lys is? ’ has been answered by Oakley (1963), In B r ita in  the 
method would be su itab le  fo r  c le a r ly  d i f f e r e n t ia t in g  between modem (a- 100 
years BP), Bronze Age ('v 4200-2700 years BP) and P le is tocene  (2.5 m i l l io n -  
10,000 years BP) m ater ia l,  but the f lu o r in e  content is  a series  o f  Bronze 
age and Saxon ?  4th-9th Century AD) bones may w e l l  over lap . In general 
terms, the usefulness o f  the method is  lim ited  to d is tingu ish ing modern from 
p re h is to r ic ,  pre- or p ro toh is to r ic  from P le is tocen e , and Late P le is tocene  
from Early P le is tocene  or T e r t ia ry  (> 7 m il l io n  years BP) bones (Oakley,
1963).
Perhaps the most w idely  pub lic ised  app lica t ion  o f  th is technique 
was in exposing the supposedly P le is tocene  f o s s i l  fragments o f  ’ Piltdown 
Man’ as being fakes, and o f  modern o r ig in .  The jawbone was found to contain 
< 0.03% F (Hoskins and Fryd, 1955) compared with 2.7% F in an elephant molar 
also fraudulently  ’ found’ at the same s i t e  but c e r ta in ly  dating from 
P le is tocene  times (T i t e ,  1972).
Cook (1960) in  the summary o f  h is review makes two genera lisa t ions :
1) "There e x is t  in  f o s s i l  bone a number o f  substances, the removal or
accumulation o f  which fo l lo w  a w e l l-e s tab l ish ed  secular trend. Id e a l ly  
these would furnish a ba tte ry  o f  dating ind ices . However, in p ra c t ic e ,  
each such index must be treated  on a s t a t i s t i c a l  bas is ,  leav ing  p a r t ia l l y  
unsolved the problem o f  the date o f  the ind iv idua l bone".
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2) "The errors  introduced by apparently random va r ia t ion  can be reduced 
and the indices systematised only i f  the quan tit ies  o f  substance found 
in the bone be adjusted to conform with the environmental s o i l  conditions 
which regu late  rates o f  decomposition. We are at present at an impasse.
A rea l  breakthrough can occur only as a resu lt  o f  renewed study o f  the 
chemistry and physics o f  s o i l  and f o s s i l i s a t i o n " .
More recent l i t e ra tu r e  on the chemical composition o f  f o s s i l  bones has
considered in d e ta i l  the e f f e c t s  o f  climate (Rott lander, 1976; Buczko and 
Vas, 1977) the p e n e tra b i l i t y  o f  elements in bone (Farquhar et a l . ,  19 78), 
and the contaminating in fluence o f  the s o i l  (B lotcky e t  a l . ,  1978) on a 
multi-e lem ental bas is . Eisenbarth and H i l l e  (1977) have described a dating 
technique fo r  f o s s i l  bones, capable o f  both r e la t iv e  and absolute resu lts ,  
based on measured elemental ra t io s .  The ra t io s  N/F, F/Ca and N/Ca, measured 
on bones recovered from a v a r ie ty  o f  locations in Lower Austr ia  with ages 
ly ing  in the approximate ranges o f  103-106 years o ld ,  were found to be 
s trongly  co rre la ted , in a l in ea r  sense, with age. The r a t io  P/Ca was found 
to be almost constant, independent o f  age as might be expected, since these 
two elements are major components o f  the bone mineral. These resu lts  
demonstrate that fo r  the r e s t r ic te d  area o f  Lower Austr ia , i t  may now be 
poss ib le  to estimate the absolute ages o f  f o s s i l  bones with reasonable
accuracy by a modified vers ion  o f  the f lu o r in e  method.
The use o f  elemental r a t io s ,  rather than concentrations (e . g .  in yg/g 
or % by weight) has been advocated by other authors, (Cook, 1960; Oakley,
1963) since the degradation processes results in a change (usually  a reduction) 
in bone density . This may be overcome by expressing the f lu o r in e  content 
o f  a -bone with respect to some quantity (usually  P205) which PS d ir e c t ly  
re la ted  to the ap a t ite .  In theory, th is value should be independent o f  the
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bone density and also the r e la t i v e  apatite  content o f  the specimen, since 
even p a r t ia l  destruction o f  the apatite  should not a f f e c t  the fluorine/  
phosphate r a t io  o f  the remainder although the occurrences o f  carbonate- 
phosphate substitu tion  reactions during b u r ia l may in va l id a te  th is (Me 
Connell, 1962). A l t e rn a t iv e ly ,  X-ray d i f f r a c t io n  measurements have shown 
a gradual change in the unit c e l l  dimensions as c ry s ta l l in e  hydroxyapatite 
changes to f lu o rap a t ite  (N ig g l i  e t  a l . ,  1953), thus r e la t in g  f lu o r in e  to 
the bone mineral and also e lim inating  the need fo r  chemical analys is .
Me Connell (1962), however, expresses grave doubts about the v a l id i t y  
o f  th is method, since va r ia t ion s  in  the unit c e l l  dimensions may also be 
the resu lt  o f  va r ia t ion s  in the carbonate or chlorine content o f  the bone 
mineral, "which are o f  such a nature as to make any co rre la t ion s  between 
the ages o f  the fo s s i l s  and the X-ray d i f f r a c t io n  measurements qu ite  
f o r tu i to u s " !
C le a r ly , th e re fo r e , any an a ly t ica l  technique o f  p o ten t ia l  use fo r  
the dating o f  f o s s i l  bone by the f lu o r in e  method should id e a l ly  f u l f i l  a 
number o f  requirements, namely:
1) Capable o f  detect ing  f lu o r in e  with high p rec is ion  (<v5%, say) 
at concentrations > v 1500 pg/g o f  bone
2) Capable o f  m ulti-e lem ental determinations, enabling the 
estimation o f  elemental ra t ios  (e .g .  F/Ca, N/F e t c . )
3) Applicable to very small samples (< 100 mg, say ) ,  since
large quantit ies  o f  f o s s i l  bone are genera lly  not a va i lab le  fo r  
analysis
4) Rapid, perm itting  the economical analysis o f  s t a t i s t i c a l l y  
s ig n i f ic a n t  numbers o f  samples
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5) Non-destructive, such that fragments o f  unique specimens may 
be replaced a f t e r  ana lys is .
The s u i t a b i l i t y  o f  INAA to f u l f i l l  these c r i t e r ia  is  inves t iga ted  in 
the fo l low ing  sect ions , s p e c i f i c a l l y  f o r  the analysis o f  f lu o r in e  in bone.
6,1.1 Fluorine in the environment
The behaviour o f  f lu o r in e ,  the most e lec tron ega t ive  and reac t ive  o f  
a l l  elements (Va lkovic , 1975), in  r e la t io n  to the environment has been 
ex ten s ive ly  reviewed by Hodge and Smith (1972), Bowen (1977) and Marier
(1977). The 13th most abundant element in  the ea r th ’ s crust, i t  has only 
f a i r l y  recen t ly  been proven essen t ia l  fo r  animal l i f e  (Schwarz and Milne, 
1972). I t  is  an avid bone seeker, 99% o f the human body burden comprising 
sk e le ta l  f lu o r id e  (Hodge and Smith, 1972). F luoride intake is  rap id ly  and 
e f f i c i e n t l y  transported by blood from whence i t  is  removed by bone 
( xb io i  ^ 30 min) or excreted v ia  the kidneys ^ 2-3 h r s . ) .
Exposure to low le v e ls  o f  f lu o r in e  has a b e n e f ic ia l  e f f e c t  on the 
reduction o f  dental caries  (WHO, 1970) and a lowering o f  the incidence o f  
osteoporosis in the e ld e r ly  (Bernstein  e t  a l . ,  1966) w h ils t  no s ig n i f ic a n t  
increase in the occurrence o f  cancer has been reported (K in len , 1975). 
However, h eav ily  f lu or ida ted  drinking water (2-8 ppm F) produces mottled 
dental enamel and large  repeated doses o f  a f lu or in e  (20-80 mg d a i ly )  can 
lead to cr ipp ling  f lu o ros is  over a period  o f  years (Hodge and Smith, 1972).
The p r in c ipa l in d u s tr ia l  sources o f  atmospheric f lu o r in e  are associated 
with the production o f  b r ick s ,  ceramics, aluminium, the processing o f  rock 
phosphate f e r t i l i s e r s  and the burning o f  coa l. Concentration ranges o f  
f lu o r in e  in pollu ted  a ir  have been reported (Bowen, 1966; Dams e t  a l . ,  1975) 
as 0.01-1.8 yg F.m~3.
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The l i t e ra tu r e  contains many references to the measurement o f  f lu o r in e  
using a v a r ie ty  o f  nuclear techniques most o f  which are fa s t  and non­
destruc t ive . Nuclear reactions are p re fe rab le  to X-ray exc ita t ion s  fo r  a 
low-Z element such as f lu o r in e ,  since the ch a rac te r is t ic  X-rays (a. 680 eV) 
are strongly  absorbed. Charged p a r t ic le  analyses o f  f lu o r in e  have been 
performed using a v a r ie ty  of reactions (Englemann, 1971; Lee e t  a l . ,  1971; 
Ahlberg e t  a l . ,  1975; Deconninck e t  a l ,  1976; G iles and Peisach, 1976; Boulton 
and Ewan, 1977). The c ross-section  o f  these reactions o ften  exh ib it  sharp 
resonances, enabling accurate depth d is tr ib u t ion  measurements, but fo r  the 
same reason they are not su itab le  fo r  the bulk analysis o f  a sample.
Photon ac t iva t ion  analysis has a lso  been applied (H islop and W illiams, 
1970; Englemann and Scherle, 1970) v ia  the 19F (y ,n )18F and 19F (y ,2 p )17N
react ions , r e sp ec t iv e ly .  However, radiochemical separation is  necessary in
• « , , , # *f • * • •
the f i r s t  instance to e lim inate other in t e r fe r in g  3~emitters; w h ils t  m  the
second case, the counting o f  delayed neutrons emitted by 17N su ffers  from
in ter ference  due to the competing react ion  180 ( y , p ) 17N, a serious problem
in a b io lo g ic a l  matrix.
Neutron ac t iva t ion  analysis provides the p o s s ib i l i t y  o f  a rapid, 
non-destructive , m ulti-e lem enta l, bulk analysis technique with s e n s i t i v i t y  
fo r  f luor ine  approaching that o f  the techniques described above. The 
possib le  reactions which f lu or in e  may undergo, upon ir ra d ia t io n  by neutrons, 
are summarised in Table (6 .1 ) ,  together with the p r in c ipa l in te r fe r in g  
react ions. Also included are the re levant physica l and nuclear data, namely 
ta rge t  is o to p ic  abundance, a c t iva t io n  cross-section  (a Q or a depending on 
whether a thermal or fa s t  neutron react ion , c f  §1 ,3 .1 ) ,  product h a l f - l i f e ,  
threshold energy, E^ (Eq. (1 .4 ) ,  §1 .2 .2 ) and most intense y-ray emitted by
6.2 CNAA of Fluorine
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the product isotope. The (n , p ) , (n ,a ) and (n,2n) reactions have been used 
with acce lera to r  neutron sources (Weber and Guillaume, 1970; Bibby and Guinn, 
1976; England e t  a l . ,  1968; Eisenbarth and H i l l e ,  1977) and epi-cadmium 
reactor neutrons (Dams e t  a l . ,  1975; Henkelmann e t  a l . ,  1969) fo r  the deter­
mination o f  f lu o r in e ,  but fo r  a reactor neutron spectrum, the 19F (n ,y )2° F 
reaction  o f fe rs  the best s e n s i t i v i t y ,  although in te r fe r in g  fa s t  reactions must 
be taken in to  account.
Table (6 .1 ) : Poss ib le  neutron induced reactions fo r  the determination o f  
f lu o r in e  together with p r in c ipa l in t e r fe r in g  reactions.
Reaction Target is o to p ic  abundance0 ,
%
Activa t ion  
cross-sec t ionc ,
mb
Product' 
h a l f - l i f e ^ 5, et C>
MeV
Most intense 
y -raya , MeV
( in te n s i ty )
19F (n , y )20F 100. 9.8 10.6s 1.63 (100%)
20N e (n ,p )29F 90.92 0.08 6.56
23N a (n ,a )20F 100. 0.8 4.03
19F (n ,p )190 100. 1.4 27.2s 4.25 0.197 (97%)
180 ( n , y ) 190 0.204 0.2
19F (n , a )16N 100. 7.9 7.1s 1.60 6.13 (69%)
15N ( n , y ) 16N 0.365 24,
1®0 (n ,p )l^N 99.759 0.02 10.24
/
19F (n ,2 n )la F 100. 0.007 109.8minS 10.98 (3+) 0 . 511(194%)
References: a Lederer e t  a l , , (1968)
b Bode e t  a l . ,  (1975) 
c IAEA (1974)
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In a typ ica l b io lo g ic a l  matrix, the sodium in ter fe rence  is  the only 
one o f importance, Several measurements have been made using the (n ,y )  
reaction  (Dams e t  a l , , 1975; Henkelmann e t  a l . ,  1969; M i l l e r  and Guinn,
1976) and some with s p e c i f i c  app lica tion  to bone and teeth (De Aisenberg 
e t a l . ,  1973; Behne e t  a l .  1976; Tomura and Ohta, 1976; B ra tter  e t  a l , ,
1977; Memagh e t  a l ,  , 1977). In each case, measurements were based on a 
s ing le  ir rad ia te -w a it-cou n t sequence (no radiochemical separation being 
possib le  due to the short h a l f - l i f e  o f  20F ) . The fo l lo w in g  sections 
in ves t iga te  the improvement in  s e n s i t i v i t y  and detect ion  l im its  fo r  f lu or in e  
in bone, and other b ib lo g ic a l  m atrices, by employing CNAA.
6,2.1 Standards and samples
The problems involved  in the choice o f  a su itab le  f lu or in e  standard 
fo r  a c t iva t ion  analysis have been discussed by M itch e l l  e t  a l .  (1975) xffio 
found that the most su itab le  fluorides were those o f  lith ium , sodium, 
magnesium and calcium. Upon i r ra d ia t io n ,  the unwanted background a c t i v i t i e s  
o f  24Na, 27Mg and 49Ca are e a s i ly  produced making th e ir  use undesirable. 
Lithium f lu o r id e  was thus employed, the p o s s ib i l i t y  o f  neutron s e l f - s h ie ld in g  
due to the high resonant cross-sec t ion  fo r  the reaction 8L i ( n , a ) 3H being 
considered n e g l ig ib le  under the experimental conditions employed. Sixteen 
standards were prepared (2 yg < F < 240 yg) by d isso lv in g  the lith ium f lu o r id e  
(99.5% pure) in  demineralised water, m icrop ipetting a liquots o f  th is so lu tion  
onto f i l t e r  discs in  polythene i r ra d ia t io n  capsules, which were then oven 
dried at v 50°C.
Sodium standards were also prepared (3.7 mg < Na < 7.3 mg) from weighed 
quantit ies  o f  Analar, anhydrous sodium sulphate to determine the extent of 
the in ter fe rence  from the (n ,a )  react ion . In order to evaluate the techniques, 
not only fo r  bone, but a lso  a v a r ie ty  o f  other b io lo g ic a l  m ater ia ls ,  samples
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were prepared from a number o f  Standard Reference Materia ls  (SRM's): IAEA 
Calcined Bone O  100 mg), IAEA Animal Muscle 200 mg), NBS Bovine L iver  
200 mg), NBS Orchard Leaves 150 mg) and Boven's Kale (/ 150 mg).
I t  is  in teres t in g  to note that the f luor ine  content is  not c e r t i f i e d  fo r  
any o f  these m ateria ls . Blanks, i . e .  capsules with and without f i l t e r  
paper (Whatman 1) were also prepared. The use o f  SRM's, which are in 
powder form, overcame the problem o f  obtaining a homogeneous sample, 
representative  o f  the parent m ater ia l;  a problem which is  p a r t icu la r ly  
acute fo r  bone (Iyengar, 1976).
6.2.2 Ir ra d ia t io n  and counting
The c y c l ic  ac t iva t ion  timing parameters were optimised fo r  f lu or in e
( t 2 ~ 11s) in the presence .of an in t e r fe r in g  background a c t i v i t y  due to
2
28A1 (t , - 2.3 min), produced p r in c ip a l ly  by the (n ,a ) reaction from 31P. For
2
a w ait ing  time, tw, o f  I s ,  F ig . (2 .7 ) shows the optimum cycle  period ,
£ x, , to be = 2 Tji - 22s. A to ta l  experiment time, t  , o f  ^ 300s was chosen 
U j 2 t
as a su itab le  compromise between s e n s i t iv i t y  achievable and analysis time 
per sample. Thus the c y c l ic  period was subdivided in the manner shown by 
F ig . (6 .1 ) .
w
0.5s
t.
l
10s
-10, 5 s  P
w n
Transfer
0.5s
^------------------- Is
Wait
0.5s 10s x i4
• l l s  ►
-T=21.5s
Fig. (6 .1) : Subdivision of the cycling period
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The samples, contained in polyethylene rabb its , were ir rad ia ted  in 
the ICIS f a c i l i t y  (§3 .2 ) and counted by a 20 cm3 Quartz and S i l i c e  Ge(L i) 
detector o f  2.55 keV reso lu t ion  at 1332.4 lceV, located d ir e c t ly  above the 
reactor , as shown in F igs , (3 ,2a) and (3 .3 a ) .  The e f f i c ie n c y  o f  this 
detector as a function o f  energy has been accurately measured by Egan (1977). 
The spectroscopy system was completed by a Canberra 1412 Research A m p lif ie r  
and the Laben 8000 ser ies  MCA. Timing synchronisation between the sample 
a rr iv in g  at the detector  and the MCA commencing to count was achieved by 
the use o f  an e le c t ro n ic  ’ s t a r t ’ pulse. This pulse, which also opens the 
’ t ran s fe r-ou t ’ va lve  o f  the ICIS pneumatic system, tr igge red  a Harwell 2000 
ser ies  scaler/tim er (ac t in g  as a timing de lay-var iab le  in multip les o f  Is )  
which, having completed i t s  p reset counting time ( in  this instance, se t  as 
Is to elim inate the chance o f  sample bounce at the stop-p in ) in turn 
started  the MCA to count. This system was also used to achieve the timing 
conditions described in §3.5,
6.2.3 Dead-time and pulse p ile -up  correction
Cyc lic  ac t iva t ion  is  usually  employed fo r  the determination o f  short­
l iv ed  isotopes in a matrix o f  lon ge r - l iv ed  products, there fore  the a c t i v i t y  
o f  a sample may change considerably during a counting period as short­
l iv ed  isotopes decay (M i l l e r  and Guinn, 1976) but w i l l  a lso increase from 
cycle to cycle as the matrix a c t i v i t y  due to the lon ge r - l iv ed  products 
increases. This is  shown schematically in F ig . (2 .1 ) ,  the sample a c t iv i t y  
being r e f le c te d  by the analyser dead-time. The problems o f  correction  fo r  
rap id ly  changing detect ion  system dead-times as w e l l  as the high dead-times 
encountered with b io lo g ic a l  samples o f  a representative  mass and the 
associated losses due to pulse p ile -up  have been reviewed by Egan (1977) with 
reference to CNAA. A s a t is fa c to ry  technique which overcomes these problems
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accumulating and processing the y -ray  spectra in a number o f  steps, as
fo l low s:
a) A pulser o f  constant frequency (<v 75 Hz) was introduced into the spectro­
meter system as ind icated  in F ig ,  (1 ,4 ) .  The pulse amplitude was 
adjusted to avoid in ter fe ren ce  w ith photopeaks in the spectrum obtained.
b) Ind iv idual spectra were accumulated fo r  each o f  the 14 cyc les . At the 
end o f each counting per iod , the spectrum was w r it ten  onto magnetic tape 
and the analyser memory erased p r io r  to the next counting period .
c) As the f i r s t  stage in  processing the data, each spectrum was 
in d iv id u a lly  corrected fo r  dead-time by m ultip ly ing  the contents o f 
each channel by the clock t im e/ live  time ra t io  obtained from the MCA 
clocks (and recorded in channels 0 and 1 o f  the spectrum). The 
approximation o f  a constant f ra c t io n a l  dead-time during each counting 
period (d j ,  d^, e tc . in F ig. (2 .1 ) )  was found to be sa t is fa c to ry  fo r  a l l  
the m ateria ls analysed in th is study. In exceptional circumstances where 
la rge  quantit ies  o f  a very s h o r t - l iv ed  isotope are produced (e .g .
38Clm ( t , =  0.7s) in blood) an extended wait ing  period , t , may be
2 ^
necessary to allow this isotope to p a r t ia l l y  decay be fo re  commencing 
counting.
d) The 14 spectra fo r  each sample were added together.
e) The photopeak areas, together with the pulser peak area, were
determined on the cumulative spectrum by the SAMPO program,
f )  Pulse p ile -up  losses were corrected f o r ,  by reference to a pu lser peak
acquired with ^ 0% dead-time. The correction  fa c to r ,  F , applied to
has been described by Egan et a l . (1977). In practice, this involved
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F »  Ru -^S e r  P^ak area (a t  0% dead-time) ^
p Pulser peak area (a t  sample dead-time)
The use o f  a constant frequency pu lser was considered to be adequate 
under the dead-time conditions described above.
6.3 Results
F ig . (6 .2 ) shows the c a l ib ra t ion  curve obtained from the lithium 
f lu o r id e  standards, the area counts r e fe r r in g  to the area under the
1633.1 lceV 20F photopeak. The broken l in e  shows the same curve without 
pulse p ile -u p  correc t ion , ind ica t in g  the need fo r  th is correction  fa c to r  
at higher counting ra tes . Fluorine and sodium were not detectab le  in  any 
o f the blanks, there fore  e lim inating  the need fo r  blank subtractions.
Errors p lo t ted  on the f igu re  range from 1%~16% fo r  the photopeak area counts, 
and from 1%-13% fo r  the mass o f  f lu o r in e  present; the la rge r  errors in  the 
la t t e r  case being due p r in c ip a l ly  to measurement uncerta in ties  w h ils t  using 
the 10 y£ m icro-p ipette .
A l in ea r  least-squares f i t  was performed on th is data to obtain the 
grad ient: 33,4 (± 0,2) counts/yg F.
Analysis o f  the sodium standard spectra provided values fo r  the ra t ios
rNa = nF/nNa (6 ' 2a) and rNe = nF/nNe (6 ’ 2b)
where n^ , -  photopeak area o f  1633.1 keV 20F [ 23N a (n ,a )20F ] ;
nNa ”  photopeak area o f  1368,4 lceV 24Na[23N a (n ,y )24N a ] ;
n^e -  photopealc area o f  440.0 keV 23N e[23N a (n ,p )23N e ] .
These ra t ios  are a measure o f  the sodium in ter fe rence  in the absence o f
f lu o r in e ,  1 mg o f  sodium appearing as equivalent to 'v 27 yg o f  f lu o r in e .
each photopeak area, was defined as:
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M g .  F lu o rin e  — ------------ ■*»
Fig. (6 .2 ) : Fluorine ca lib ra t ion  graph
Fig. (6 .3 ) shows a typ ica l  spectrum from a sample o f  the IAEA Calcined 
Bone. This spectrum covers the energy range 0-2 MeV, and was obtained using 
only h a l f  o f  the 4096 channel memory o f  the Laben MCA, to reduce the dead-time 
I t  was subsequently found that l i t t l e  advantage was to be gained by this 
procedure, and la te r  spectra were recorded fo r  the energy range 0-4 MeV.
Results obtained from the IAEA Calcined Bone samples were corrected fo r  
the sodium in ter ference  using the ra t ios  defined above in the fo l low in g  manner
C
and
Na = S '  "  rN aSa ) (6 ‘ 3a)
CN e =  (nF -  r N e n ^ e )  (6 .3b)
where
ENa -  photopeak area o f  1633.1 keV 28F, in ter fe rence  corrected using 
ENe -  photopeak area o f  1633.1 lceV 28F, in ter fe rence  corrected using
n » n1 n' -  r e fe r  to photopeak areas in the sample spectrum.
F* Na Ne
IAEA CALCINED BONE (99.3 mg)
Peak Isotope Energy (KeV) Peak Isotope Energy (KeV)
1 ^ S c 1” 142.5 10 2 7Mg 1014.1
2 77Sem 161.9 11 28A£ s .e . 1268.
3 190 197.4 12 *»»A 1293.6
4 179Hf® 214.3 13 2l4Na 1368.4
S 23Ne 440.0 14 52V 1434.4
6 +e 511.0 IS 20p 1633.1
7 38C* m 670. 16 38C2 1642.0
8 28A* i . e . 757. 17 2ifNa d .e . 1732.
9 27Mg/56Mn 844-7 18 28aa 1778.9
V ?
1.3
7  8
10
Pulser
18
1 6  1 7
IO.X 12.00
CHANNEL
c^ VvhV^ saYv^ i/
J__
10.00 70.00
*10 *
F ig .  (6 .3 ) : Typical cumulative spectrum (0-2 MeV) o f  an IAEA Calcined
Bone sample.
Within s t a t i s t i c a l  and experimental e rro rs ,  C and are id en t ica l
and, since n^a and n^^ were measurable with s im ilar  p rec is ion , the best value 
fo r  the 20F photopeak area, C, was taken as:
CNa+CNe
Results fo r  C, from 5 r ep l ic a te  samples, combined with the ca l ib ra t ion  
gradient prev iously  determined, produced an estimate fo r  the f lu or in e  
concentration in IAEA Calcined Bone o f  566 yg/g with a standard error  o f 
± 20 yg/g. I t  was also poss ib le  to estimate the sodium concentration in 
th is standard m ateria l as 11.5 mg/g with a standard e rro r  o f  ± 0.3 mg/g.
A 20F photopeak was detected in  a l l  other m ateria ls , with the exception o f  
NBS Orchard Leaves, but in  each case i t  was a ttr ibu tab le  to the sodium 
in te r fe ren ce .
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Various sources o f  e rro r  have been considered which in fluence the 
accuracy and prec is ion  o f  the f lu o r in e  content o f the IAEA Calcined Bone.
i )  Accuracy o f  the c y c l i c  i r ra d ia t io n  and counting scheme as 
contro lled  by the ICIS clocks is  b e t te r  than ± 0.3% (§3 .2 ) .
i i )  Maximum possib le  e rro r  associated  with the assumption of
constant fra c t io n a l  dead-time per cyc le  is  < 1% (Egan e t  a l . ,
1977) .
i i i )  Two sources o f  e rror  are associated with the pulser correction . 
F i r s t ly  the pulser peak area determination, estimated as v  1%, 
Secondly the use o f  a constant rate pu lser ,ra ther  than a pulser 
whose rate decays w ith the a c t i v i t y  o f  the sample being counted. 
Under the counting conditions described above, this is  expected 
to be << 1% (Azuelos e t  a l . ,  1977).
i v )  Errors in the estimation o f  r „  and r „  o r ig in a te  from determinationNa Ne &
o f  the re levant photopeak areas a f t e r  dead-time and pulse p ile -up  
correc t ion . Both ra t io s  were estimated from 3 separate measurements 
resu lt ing  in a standard e rro r  o f  ± 3%.
v) Errors re la ted  to C„ and C-T are s im ila r  to i v ) . S t a t is t i c a lNa Ne
error  o f  1633 keV 20F peak, 1368 keV 2toa peak and 440 keV 23Ne peak
in the IAEA standard were 3.3%, 3% and 3% resp ec t iv e ly ,  resu lt ing
in a standard dev ia tion  o f C„ and C*T o f  ± 6.3%.Na VNe
6 .3 .1  Sources of error
vi) Weight of bone samples were precise to ± 0.2%.
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v i i )  Least squares f i t t i n g  o f  standard ca l ib ra t ion  curve y ie lded  an error  
o f  ± 0.5% fo r  the grad ient.
v i i i )  Sample to sample v a r ia t io n  in ir ra d ia t in g  neutron f lu x  were taken 
as < 1%. The standard error  on C, estimated from 5 rep l ica te  
samples, is  a combination o f the components item ised above and 
was found to be a- ± 3.5%.
6.4 Detection Limits
The detection  l im it  o f  an isotope is  defined in §1.7 as the smallest 
photopeak which can be distinguished with a certa in  confidence above the 
background a c t i v i t y  o f  the sample. This is  expressed by
L = /  /B (1.19)
In the case o f  a sample matrix where the sodium in ter fe rence  is  
n e g l ig ib le ,  a detection  l im it  fo r  f lu or ine  may be estimated by d ire c t  
app lication  o f  Eq. (1 .19 ).  On the other hand, the same treatment applied 
to the spectrum o f  a sample with high le v e ls  o f  sodium, w i l l  y i e ld  a
detection  l im it  f o r  20F not n ecessa r i ly  a ttr ibu tab le  to the element f lu o r in e .
In such a case i t  is  poss ib le  to  estimate two detection  l im it s ;  the f i r s t ,  as 
described above, being the detect ion  l im it  fo r  20F (expressed e ith e r  in area 
counts or in equivalent yg o f  f lu o r in e ,  per unit mass o f  m a te r ia l ) .  Secondly 
a detection l im it  may he derived fo r  f luor ine  in the presence o f  sodium in 
the sample matrix using Eq. (6 .3 a ) .
I f  Bp and B^q are the background areas under the 1633 and 1368 keV
peaks r e sp e c t iv e ly ,  then the standard deviations o f  the peak areas are given 
by
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Now, i f ,  as a f i r s t  approximation, the standard devia tion  o f  r is
neg lected , the standard devia tion  o f  is  given by
r 2 , v 2 i 2
° c  = F + ( rNa°Na) ]
-  K  + 2BF + ( 4 S a  + 2BNa) ] i  ( 6 ' 5)
by substitu tion  o f  Eq. (6 .4a ,b ) .
This may be considered as the 'b e s t '  estimate o f cfe as i t  is  assumed 
that r is  accurately known from an in f in i t e  number o f  measurements. Returning 
to Eq. (1 .19 ),  the detection  l im it  fo r  f lu or in e  in the presence o f  sodium is
£ = f  o ( 6 . 6 )J c
Detection lim its  fo r  28F and the element f lu o r in e  in the 5 standard 
b io lo g ic a l  m ater ia ls ,  a sodium standard and a blank f i l t e r  paper, have been 
estimated where appropriate; the resu lts  are summarised in  Table (6 .2 ) .  These
Table (6 .2 ) : Detection l im its  fo r  20F and f lu o r in e
and
aF = [n ; + 2Bp] 5 (6.4b)
M ateria l
vWt
(mg)
Detection I i i  
area counts
n it fo r  
=ygF
20F (L) 
=ygF/g
Detection lim 
area counts
i t  fo r  
ygF
rluorine (£) 
PgF/g
IAEA Calcined bone 100. 90 2.7 27 170 5.2 52
IAEA Animal Muscle 200. 44 1.3 6.4 76 2.3 11.6
NBS Bovine L iv e r 200. 43 1.3 6.4 78 2.3 11.6
NBS Orchard Leaves 150. 57 1.7 11.3 57 1.7 11.3
Bowen’ s Kale 150 52 1.6 10.4 87 2.6 17.4
Sodium std. 3.7 53 1.6 430 151 4.5 1220.
Blank f i l t e r  paper 21 0.6
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l im its  have been calculated on the basis o f  f  -  2;  the corresponding 
p ro b a b i l i t ie s  o f a Type I  or I I  e r ro r  and the s t a t i s t i c a l  p rec is ion  o f  the 
net s igna l are given by Table (1 .3 ) .
One o f  the great advantages o f  a c t iva t ion  analysis is  the p o ten t ia l  
to determine a number o f  isotopes from only a s in g le  experiment. For this 
reason, Table (6 .3 ) has been included l i s t in g  a l l  the isotopes detected in 
one sample o f  each o f  the SRM’ s in ves t iga ted ,  in the region 0-4 MeV, using
Table (6 .3 ) : Isotopes detected in  the standard re ference m ateria ls .
Isotope Ey
(keV)
IAEA
Calcined
Bone
IAEA
Animal
Muscle
NBS
Bovine
L iver
NBS
Orchard
Leaves
Bowen1s 
Kale
16 5j)ym(?) 108.2 ND ND ND / ND
46Scm 142.5 V ND ND / /
77Sem 161.9 / / ✓ / /
190 197.4 / / / / /
79Brm 208.0 ND / / / • /
179jjfm 214.3 / ND ND / ND
23Ne 440.0 / / / ND /
85Rbm(+ 82Br) 555.8 ND / / / /
8°Br 617.0 ND ND / ND /
38C£m 670. / / / / /
27Mg/56Mn 844 -  7 / / / / /
2 7Mg 1014.1 / / / / /
66Cu 1039.0 ND ND / ND ND
24Na 1368.4 / / / ND /
52V 1434.4 / / ND / /
42k 1524.7 ND / ND ND /
20p 1633.1 / / + ND / +
3 8C£ 1642.0 / / / / /
28A£ 1778.9 / / / / /
55Mn 1810.7 ND ND ND / ND
58Mn 2112.8 ND ND ND / ND
38C£ 2166.8 / / / / . /
24Na 2753.6 / / / ND /
49
Ca 3083.0 / ND ND / /
Notes: ND -  Not detected; t  -  Due to Na
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the ir ra d ia t io n  conditions prev iously  described. The cumulative spectrum 
obtained from a sample o f  NBS Orchard Leaves (F ig .  (6 .4 ) )  has a lso been 
included, demonstrating the lack o f f lu or ine  (^ 4 yg F/g) or sodium 
(82 ± 6 yg Na/g) s ign a ls ,  but more e sp e c ia l ly  fo r  comparison purposes 
with the resu lts  obtained using the Low Energy Photon D etector, described 
in Chapter 3 ( c . f .  F ig .  (3 .1 1 ) ) .  This spectrum c le a r ly  shows the richness 
o f  peaks in the low energy region and there fore  the b e n e f i t  fo r  determination 
o f  certa in  elements ( e .g .  Dy) by the complementary use o f  a LEPD.
6.5 Discussion
The l in e a r i t y  o f  the standard ca l ib ra t ion  graph, even a t high f lu o r in e  
le v e ls ,  demonstrates the v a l i d i t y  o f  the dead-time and pulse p ile -up  
corrections and confirms that s e l f - s h ie ld in g  due to lith ium  ( in  LiF used as 
standard) was n e g l i g ib le .  Repeated analysis o f  standards suggests a p rec is ion  
o f  v  3%.
Sodium in te r fe ren ce ,  through the (n ,a ) react ion , was found to be 
considerable. In the bone matrix, fo r  example, sodium contributed <v 35% o f  
the to ta l  20F peak area. Use o f  both the 20F/24Na and 20F/23Ne ra t io s  
reduced the error  on the sodium subtraction by 30%. The detect ion  l im it  
f o r  f lu or in e  in the sodium standard ind icates that i t  is  unreasonable to 
measure the element with any confidence i f ,  in  a sample, the ra t io  
Na/F > 103.
The detect ion  l im it  in a blank f i l t e r  paper o f  0.6 yg F is  e f f e c t i v e l y  
an estimate o f  the s e n s i t i v i t y  o f  the technique and r e f l e c t s  a marked 
improvement over the conventional irrad ia te -w a it-coun t sequence. The 
detection  l im it  in a bone matrix, (IAEA Calcined Bone) even with a Na/F 
ra t io  = 2 0 ,  is  approximately an order o f magnitude lower than f lu o r in e
NBS Orchard Leaves (140 mg)
F ig, (6 .4 ) : Typ ica l cumulative spectrum (0-4 MeV) o f  an NBS Orchard Leaves 
s amp l e .
le v e ls  found in human bone, w h ils t  the converse is  genera lly  true fo r  the 
other standard materia ls in ves t iga ted .
Results summarised in Table (6 .3 ) show that a- 10-12 elements may be 
measured simultaneously using CNAA. In some cases, f o r  example selenium, 
the a lte rn a t iv e  method o f  analysis  (using 75Se) requires an analysis time 
extending over at leas t  a week. In other cases, one isotope is  enhanced 
with respect to another whose gamma rays are o f  s im ila r  energy ( e . g . 88Rbm 
and 82Br at Ey = 555 k eV ).
6.6 Conclusions
CNAA has been shown to achieve s ig n i f ic a n t  improvements in  both 
s e n s i t i v i t y  and detect ion  l im its  fo r  the measurement o f  f lu o r in e  when 
compared to conventional neutron a c t iv a t io n  techniques. As regards i t s  
a p p l ic a b i l i t y  to the dating o f  ancient bone, this technique f u l f i l l s  most
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o f  the c r i t e r ia  outlined at the end o f  §6,1. The p rec is ion  and accuracy 
o f  the f lu o r in e  determination are both below the 5% l e v e l ,  as demonstrated 
on the IAEA Calcined Bone. The technique permits the simultaneous 
measurement o f 10 other elements in bone and a s im ila r  number in the other 
SRM's, enabling the estimation o f  elemental ra t io s  ( e . g .  F/Ca), although, 
un fortunately , i t  is  not poss ib le  to determine n itrogen  by this technique. 
Moreover the technique is  rapid (300s experiment time/sample), app licab le  
to small samples and e s s e n t ia l ly  non-destructive . On a purely t r i a l  bas is , 
two samples each o f Roman sheep t ib ia  and P le is tocene  elephant tusk from 
unknown sources were analysed and found to contain 240 yg/g and 1.4% by 
weight o f  f lu o r in e  r e s p e c t iv e ly ,  thus demonstrating the s u i t a b i l i t y  o f  the 
method.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
7.1 Conclusions
The v e r s a t i l i t y  o f  neutron a c t iva t io n  analysis has been demonstrated, 
w ith p a r t icu la r  emphasis on the employment o f sh o r t - l iv ed  iso topes . The 
’ c y c l i c '  technique (CNAA) has been discussed in d e ta i l ,  with respect to 
both the th eo re t ic a l  aspects o f  optim ising the 's ig n a l - to -n o is e '  r a t io  
o f a radionuclide o f  in te r e s t  by su itab le  choice o f  the timing parameters, 
and the experimental app lications o f  the technique in  a number o f  d i f fe r e n t  
contexts. The merits o f  each p a r t icu la r  analysis scheme, devised fo r  a 
s p e c i f i c  requirement, have been evaluated by the ca lcu la t ion  o f  elemental 
detect ion  l im its  and a lso ,  in the m ajor ity  o f  cases, the s t a t i s t i c a l  
p rec is ion  with which an element may he qu a n t ita t iv e ly  determined in the 
sample matrix, ( e . g .  Standard B io lo g ic a l  Reference M ater ia ls ,  s o i l ,  a ir  
f i l t e r ) .
The advantages o f  the techniques have been enumerated (§1 .1 , §2.1,
§3.7, §6.6) as have the l im ita t io n s ,  such as high 'b lank ' impurity le v e ls  
(§3 .6 , §4.4) and the occurrence o f  in t e r fe r in g  reactions which e ith e r  
reduce detect ion  l im its  by contributing to the spectrum background (§5 .4 ) 
or y i e ld ,  in competition, the isotope o f  in te r e s t  (§ 4 .4 ,§ 5 .4 .2 ,§6 .2 ) ;  although 
l im ita t ion s  o f  the types mentioned are common to a l l  a c t iva t io n  analysis 
techniques fo r  multielemental samples. Thus the app lications have served, 
not only as ind iv idual studies in th e ir  own r ig h t ,  but a lso as a broad 
tes t in g  ground fo r  the neutron a c t iva t io n  techniques by prov id ing  samples 
represen tative  o f  v a s t ly  d i f f e r in g  matrices. A t the end o f  each chapter,
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conclusions have been drawn re levan t to the results o f  that p a r t icu la r  
study; consequently the discussion here is  r e s tr ic te d  to more general 
comments p r in c ip a l ly  concerning the techniques o f  a n a ly s is .
CNAA must be regarded, not as a panacea fo r  a l l  an a ly t ica l  requirements, 
but as complementary to other INAA techniques, a point occas iona lly  over­
looked in i t s  en thusiastic  advocation. An in te res t in g  fa c e t  o f  the c y c l ic  
mode o f  i r r a d ia t io n ,  which in c id e n ta l ly ,  could be applied to the measurement
o f  any radionuclide, (although fo r  t a > a, mins, the technique becomes
2
im pract icab le ),  is  the a b i l i t y  through judicious manipulation o f  the timing
parameters to enhance one s ign a l w ith  respect to another, and e f f e c t i v e l y
’ tune-in1 to a band o f  h a l f - l i v e s  o f  in te r e s t ,  the width o f  the band being
a function o f  the t o ta l  experiment time (§3 .5 ) .  I t  is  also true to say,
however, that ’ op t im isa t ion ’ o f  the timing parameters w i l l  r esu lt  in
’ percentage ’ rather than ’ order o f  magnitude’ improvements in  the s ignal
obtained, as shown, fo r  example, by F igs . (2 .5 ) and (3 .9 ) .  A more important
consideration is  the tran s fe r  or w a it ing  time, t  , in circumstances where
t > T j ,  and may be regarded as the l im it in g  fa c to r  on the measurement o f 
W ~  2
very  sh o r t - l iv ed  isotopes ( e . g .  38Clin, t , = 0.7s; 287Pbm, x, = 0 .8s ).
2 2
Consequently the measurement by CNAA o f  such radionuclides as 24Nam ( tj =2
19.3 ms), 75Asm ( t ,  = 16.2 ms), 114Inm ( t a = 40.4 ms) and 205Pbm ( t i  = 5.31 ms)
2 2 5
are only poss ib le  using e le c t r o n ic a l ly  pulsed neutron sources, such as a
14 MeV neutron generator (Goldnski, 1969), or a TRIGA-type reactor fo r
reasons outlined in §2.3.
The Low Energy Photon Detector described in Chapter 3 has been shown 
to extend the ’ r e p e r t o i r e ’ o f  elements measurable by CNAA, best resu lts ,  
i . e .  h ighest s e n s i t i v i t i e s ,  being obtained f o r  those elements o f  in te r e s t  not
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only to the b io lo g ic a l  ( e . g .  Co, Se) but also the environmental (e .g .  Sc, In ) 
and geo log ica l  (e .g .  Sc, Rh, rare earths, Hf) sciences.
Chapters 4 and 5 demonstrated how a s e lec t io n  o f d i f fe r e n t  analysis  
modes may complement each other in obtaining the f in a l  set o f  r esu lts .  
Moreover, the in fluence o f  the neutron energy spectrum on the elemental 
detection l im its  was found to be considerable. For app lica t ion  to a ir  
pa rt icu la te  and s o i l  analyses, use was made o f  the powerful m ulti-e lem ental 
capab il ity  o f  the INAA technique, an essen t ia l  feature in both these studies. 
As a consequence, however, m u lt iva r ia te  data reduction, in the form o f 
c luster  ana lys is , was necessary to f a c i l i t a t e  in te rp re ta t ion  o f  the resu lts .
CNAA proved indispensable f o r  the determination, with s u f f i c ie n t  
s e n s i t i v i t y ,  o f  bone f lu o r in e ,  described in Chapter 6. Pulse p ile -up  losses ,  
the resu lt  o f  high counting rates in the spectrometer system, were found to 
a f f e c t  the accuracy o f  the an a lys is ,  but could be s a t i s f a c t o r i l y  corrected 
by the introduction o f  a pu lser s igna l at the p ream p lif ie r  stage.
F in a l ly ,  th ere fo re , INAA has been success fu lly  applied to the study 
of elemental d is tr ibu t ions  w ith in  s o i l  p r o f i l e s  and the estimation o f  bone 
f lu or in e  concentrations; the archaeo log ica l s ign if ica n ce  o f  these resu lts  
having been discussed. S im ila r ly ,  the analysis o f  a i r  pa r t icu la te  samples 
obtained from Oxford C ity-Centre by both INAA and Gas Chromatography, has
enabled corre la t ions  to be drawn between airborne trace elements and hydro-
/
carbons, the m e teo ro lo g ic a l/ tra f f ic  f low  data and f i l t e r  obscuration
measurements. Studies o f  the type described in the three applications above, 
a l l  require large numbers o f  samples to be analysed in order to obtain 
s t a t i s t i c a l l y  meaningful r e su lts ;  the a n a ly t ica l  procedures which have been 
devised are id ea l f o r  th is requirement. The NAA techniques have been
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demonstrated as rapid, instrumental and su itab le  f o r  routine app lica tions , 
the gamma ray spectrum analysis program (SAMPO) has been shown to y ie ld  
con sis ten tly  accurate and r e l ia b le  data on peak areas and pos it ion s , and 
c lus ter  analysis has been found a powerful m u ltivar ia te  technique to 
f a c i l i t a t e  in terp re ta t ion  o f  the multi-elemental r e su lts .
7.2 Recommendations fo r  Further Work
The p o ten t ia l  o f  c y c l ic  a c t iva t io n  analysis employing epithermal 
neutrons (ECNAA) in conjunction with y or X-ray spectrometry remains, as 
y e t ,  unexplored. Epithermal neutron ac t iva t ion  analysis (ENAA) has been 
described in §5.2.1 fo r  the analysis o f  s o i ls  and advantage fac tors  (§5 .4 .1 )  
have been ca lcu lated . The technique r e l i e s  on suppressing major a c t i v i t i e s ,  
due to isotopes having approximately 1 l/ v T epithermal cross-sections , with 
respect to those isotopes (o f  in t e r e s t )  with large I/<?0 values. Depending 
on the isotope o f  in te re s t  and the sample matrix in which i t  is  present, 
ECNAA may resu lt  in  a considerable improvement in the detect ion  l im it .
In  §2.2 comment was made on the sparc ity  o f  nuclear data fo r  some o f  
the sh o r t- l iv ed  isotopes, e s p e c ia l ly  the values o f  resonance in teg ra ls .  
Nevertheless, by way o f  example, the cross-section  compilations o f  Steinnes 
(1971) and Van der Linden (1974) have been used to ca lcu la te  th eo re t ica l
advantage factors  fo r  some radionuclides with t , < 1 min. The advantage
2
fa c to r ,  F , in this instance is  defined as:* a*
CRi /
' . - C i /  <’ ■ »x
where CRj/v = the cadmium ra t io  (§1 .3 .1 ;  §5.4,1) o f  a (hypothet ica l)
*1?nuclide fo l low in g  the ~  law m  the thermal and epithermal 
regions
and CR = the cadmium r a t io  f o r  the isotope o f  in te r e s t ,  x r
-  208 -
given in Table (1 ,2 ) .  The was obtained from Eq, (1 .11) by making
’ 1 'the assumption that the resonance in te g ra l  o f  a ~  absorber, fe/v » 1S
given by = 0.44 oQ (Steinnes, 1971). Thus, fo r  IC IS , = 2.08
which resu lts  in  CR.. , = 39.5, Several nuclides, such as 23Na and 27A1,
1/v
which lead to major a c t i v i t i e s  upon neutron ir ra d ia t io n  with consequent
11 1d e te r io ra t ion  m  detection  l im it s ,  fo l lo w  the ~  law m  both the thermal 
and epithermal regions -  hence the choice o f  CR^^ in the ca lcu la tion  o f 
F . The advantage fac tors  and re levan t nuclear data are g iven in Table 
(7 .1 ) ;  the isotopes o f  Na and A l being included as represen tative  o f 
undesirable background in ter fe ren ces .  Of the isotopes considered, ECNAA 
may prove advantageous in the measurement o f  the elements F, Ge, Rh, Pd,
Ag, Ce, Hf and P t ,  but not f o r  0, Na, A l ,  Sc and Se.
A p i l o t  experiment was conducted to in ves t iga te  the p o s s ib i l i t i e s  
o f  ECNAA. Since the CONSORT I I  reactor  is  not, at present, equipped with 
a thermal neutron shielded core tube, and as ICIS is  the only f a c i l i t y  
su itab le  fo r  c y c l ic  i r ra d ia t io n ,  the sample must be shielded inside the 
i r ra d ia t io n  capsule. Cadmium is  unsuitable as a sh ie ld ing  materia l in th is 
s itu a t ion  due to the gross gamma a c t i v i t y  produced during ir ra d ia t io n  which 
would prevent detection  o f  the s ignals  o f  in te r e s t .  Boron, however, is  o ften  
used as an a lte rn a t ive  thermal neutron absorber (R oss it to  e t a l.,1972 ) since the 
thermal neutron cross section  fo r  the 10B (n ,a )7L i react ion  is  a, 3900 barns 
(§ 1 .2 .2 ) .  7L i is a stab le  isotope and thus 10B sh ie ld ing  o f  samples would 
be acceptable fo r  ECNAA. Two p e l l e t s ,  each consisting o f  50 mg o f  is o to p i-  
c a l ly  enriched * 8B (94%) were used, in  sandwich form, to sh ie ld  a f i l t e r  paper 
on which standards had been evaporated. This ’ sandwich' was packaged in 
the usual manner and ECNAA performed fo r  10 cycles with a period  o f  10s.. 
Reactor power, as shown on the trace in F ig .  (7 .1 ) ,  f e l l  by v  12% during each
The advantage factors have been calculated for ICIS, using the CRAu
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?1 !compared with a hypothet ica l — aborber.
Table (7 .1 )  : Advantage factors in ICIS, for some short-lived isotopes,
Isotope
produced
H a l f - l i f e
(s )
CTo
(b )
I
(b )
Ref
CR
(ca lcu la ted )
Fa
(ca lcu la ted )
absorber cr 0. 44 cr a 39.5 1.0
V
190 26.9
0
0.16*10-
0
3 0.94x10” 3 b 3.88 1.0
20 p 11.2 0.098 2.3 a 1.72 23.
24Na 15 h 0.534 0.29 a 32.2 1.2
28A1 138 0,232 0.18 a 22.8 1.7
46Scm 18.7 9. 4.9 b 32.1 1.2
75Gem 48.9 0.16 0.39 b 7.95 5.0
77Gem 54.3 0.10 0,84 b 3.02 13.
77Sem 17.5 21. 16. b 23.2 1.7
104Rh 42 139. 1060. a 3.22 12.
107pdm 21 0.013 5.96 a 1.04 38.
11 °Ag 24 89. 1600. a 1.94 20.
139Cem 56 0.015 1.21 b 1.21 33.
1 7 9 j j £ m 18.7 50. 980. b 1. 86 21.
199ptm 14.1 0.027 0.45 b 2.02 20.
References :
a Steinnes, (1971) 
b Van der Linden e t  a l , , (1 9 7 4 ) .
ir ra d ia t io n  period , even a f t e r  compensation using the coarse contro l rod. 
I t  was apparent that such a system would be im practica l fo r  ECNAA due to 
the huge power (and therefore f lu x )  va r ia t ion s  which would not be 
reproducible from one sample to another.
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Fig. (7 .1 ) : Var ia tion  in reactor  power as a function o f  time including 
period o f  Epithermal C yc lic  Neutron A c t iva t io n  Analys is .
A new c y c l ic  a c t iv a t io n  system (CAS) is  under construction at ULRC; 
one o f  the features o f  the i r ra d ia t io n  pipe is  a Cd s leeve  which may be 
lowered, i f  requ ired , in to  the core to enable ECNAA, thus e lim inating  the 
inherent d i f f i c u l t i e s  o f  cyc l in g  the sh ie ld ing  m ateria l as w e l l  as the 
s amp 1 e .
Almost in e v i ta b ly ,  as a resu lt  o f  the work described in Chapter 3, i t  
is  evident that combining both a G e (L i)  and a pure Ge detector  fo r  the 
simultaneous counting o f  a sample, must increase the v e r s a t i l i t y  o f  a c y c l ic ,  
or indeed, conventional analysis scheme. The judicious use o f  a routing
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box, which behaves as a d ig i t a l  biased am p li f ie r ,  should enable spectra 
from both detectors to be accumulated by a s ing le  4000 channel MCA (0-1000 
channels fo r  Gej 1000-4000 channels f o r  G e (L i ) , say ),  thus avoiding the 
extravagant requirement o f  a second MCA. In addition , the in troduction  of 
permanent magnets to d e f le c t  8 -p a r t ic le s ,  as suggested by Mantel e t  a l .
(1978), may improve the measurement accuracy o f  X-rays in the presence o f  
strong 8-emitters ( e .g .  in s o i l s ,  rocks, b io lo g ic a l  m ateria ls ) when using 
the LEPD.
The pure Ge LEPD has proven i t s e l f  indispensable fo r  the measurement 
o f  y and X-rays w ith energies below 80 lceV. However a photon energy 
in te rva l  ex is ts  between a- 50 keV and ^ 200 lceV, over which the usefu l 
operating ranges o f  a small volume ?  1 cm3) planar Ge and a la rge  volume 
?  50 cm3) coax ia l Ge (L i) de tector  overlap . A c r i t i c a l  evaluation o f the 
r e la t iv e  merits o f  each type o f  de tector  over th is energy region would be
o f  considerable b e n e f i t  to the a c t iva t io n  analyst. Such an evaluation would
be based on ch a ra c te r is t ic  parameters such as reso lu t ion , e f f i c i e n c y ,  peak- 
to-Compton and/or p eak -to -va l le y  r a t io ,  a l l  o f  which are functions o f  the 
incident photon energy. A d d it io n a l ly ,  sample matrix, counting geometry,
detector system counting rate and also cost should be included.
Modifications to improve performance o f  the SAMP0 program are con tinua lly  
being implemented, some having been described by Egan (1977) and Tout (1977). 
Mention has been made in §1,6 o f  the in a b i l i t y  o f  SAMP0 to s a t i s fa c t o r i l y  
f i t  strong, is o la ted  photopeaks due to the inadequacy o f  the quadratic back­
ground to describe the s tep l ik e  behaviour o f  the continuum under the peak.
Under such circumstances, a background consisting  o f  a step function, with the 
constraint that the d iscontinu ity  should occur at the peak centroid  channel, 
would improve the f i t t i n g  procedure considerably.
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With emphasis being placed increas ing ly  on the use o f  s ing le  
comparator standards, the inc lusion  o f resonance in teg ra l  cross-sections 
in the IDENT nuclear data l ib ra ry  would remove the r e s t r ic t io n  o f absolute 
mass ca lcu lations being applied to thermal neutron ir rad ia ted  samples only. 
The Cadmium Ratio o f  a f lu x  monitor such as cobalt or gold would be the 
only add it iona l information required fo r  each sample spectrum analysed.
Further a i r  p a r t icu la te  studies o f  the type described in Chapter 4 
should take considerable care over the choice o f  f i l t e r  membrane on which 
the pa r t icu la tes  are c o l le c ted .  Spyrou e t  a l . (1976) recommend the use o f  
’ Nuclepore ’ membranes, having low elemental impurity concentrations, as 
su itab le  fo r  trace element analys is . I t  is  also in te re s t in g  to note that 
these membranes have a low ’b lank ’ contribution to the gas chromatographic 
analysis (Douglas, 1978) described in Appendix I I .
The techniques described in Chapter 5 were shown to be su itab le  fo r  the 
measurement o f  elemental d is tr ibu t ion s  through s o i l  p r o f i l e s .  I t  i s ,  however, 
e ssen t ia l  that these measurements be repeated on buried s o i ls  at other 
archaeo log ica l s i te s  to ascerta in  whether the elemental d is tr ibu t ion  patterns 
exh ib it  s im ila r  trends. A study o f  the elemental d is tr ibu t ions  w ith in  
ind iv idua l p a r t ic le  s ize^ o f each sample may ind icate  that, fo r  example, 
analysis o f  the c lay f ra c t io n  a lone, is  the best approach to the de linea t ion  
o f  horizons with in any p r o f i l e .
A b r i e f  analysis programme o f  a number o f  Roman, Saxon and Medieval
* . animal bones , performed p r in c ip a l ly  fo r  f lu o r in e  ana lys is , y ie ld ed  resu lts
(Supplied by T. O’ Connor and D. Brothwell, In s t i tu te  o f  Archaeology, 
London).
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fo r  a number o f  other elements, as ou tlined  in  Table (6 .3 ) .  Negative
resu lts ,  i . e .  no co r re la t ion  o f  elemental concentration with age, were found
fo r  a l l  elements with the exception o f  vanadium. On the basis o f  4 samples
( a l l  taken from the shaft o f  sheep t ib ia e )  from each o f  the periods, washed
fo r  2 hrs. in  an u ltrason ic  bath o f  demineralised water p r io r  to ana lys is ,
the resu lts  f o r  vanadium (+ o) were Medieval, 9.0 ± 2.4 counts/m.g, Saxon
19,6 ± 3,2 counts/mg and Roman, 50.4 ± 3.7 counts/mg. Vanadium was present
at the l im it  o f  detection  ('v 1 count/mg) in IAEA Calcined Bone which is
represen tative  o f  fresh  mammal bone. These resu lts  suggest that fo r  the
Winchester s i t e  from which these bones were obtained, the vanadium
concentration may serve as an in d ica to r  o f  the r e la t i v e  ages o f  bones, in
a s im ila r  manner to the f lu o r in e  method, but applicab le  over a much shorter
time sca le . I t  is  evident .that these r esu lts ,  based on only 12 samples, can
hardly be regarded as a rigorous study. Fuitber vanadium analyses o f  bones
from the same s i t e  and also from s i te s  w ith d i f fe r e n t  s o i l  types are necessary
to thoroughly te s t  the p o ten t ia l  o f  these prelim inary resu lts .  Vanadium is
measured through the neutron a c t iva t io n  product 52V ( tj = 3.75 m in ). Thus
2
a conventional ir ra d ia t io n  and counting scheme o f  t^ = t c = 600s, w ith the 
minimum o f  w a it ing  time in  between, would permit the simultaneous determination
o f  52V and 49Ca (ito = 8.8 min) as w e l l  as 'u 10 other elements, thus enabling
2
the ca lcu la t ion  o f  elemental ra t io s  such as V/Ca which would r e la te  the 
vanadium to the bone mineral content o f  the samples.
-  214 -  
REFERENCES
Ahlberg, M., Bawden, J.W., Hammarstrom, L .E ., Hellborg, R. (1975) Odont.
Revy ., 26, 267
Ahrens, L.H. (1965) ’ D is tr ibu tion  o f  the Elements in our P la n e t ' ,  McGraw H i l l  
A l len ,  S.E. (1964) Ed.: ’ Chemical Analysis o f  Eco log ica l M a te r ia ls ’ , Blackwell 
Anders, O.U. (1960) Anal. Chem., 52, 1368 
Anders, O.U. (1961) Anal. Chem., 55, 1706
Attas , M., Y a f fe ,  L . , Fossey, J.M. (1977) Archaeometry, 19, 33
Azuelos, G., Crawford, J .E .,  K itching, J .E .,  Kuchela, K.S. (1977) Nucl.
In s tr .  and Meth., 125, 579
Baedecker, P.A. (1971) Anal. Chem., 43, 405
Baedecker, P.A. (1976) Proc. In t. Conf. on Modern Trends in Ac t iva t ion  
Analys is , Munich, 2^ , 1280
Baedecker, P .A .,  Rowe, J .J . ,  Steinnes, E. (1977) J. Radioanal. Chem., 40, 115
Bagdavadze, N.V., M osu lish v i l i ,  L.M. (1975) J. Radioanal. Chem., 24, 65
Bahreyni, M.T. (1976) M.Sc. Thesis, Univ. o f  Surrey
Barshad, I .  (1964) ’ Chemistry o f  the S o i l  Development’ in ’ Chemistry o f  the
Ti A
S o i l ' ,  2 edn., F.E, Bear ( e d . ) ,  ACS Monograph 160, Van Nostrand 
Bartram, M.R. (1976) M.Sc. Thesis, Univ. o f  Surrey
Baud, C.A. (1960) in ’ The App lica tion  o f  Quantitative Methods in Archaeology ’ , 
R.F. H eizer and S.F. Cook (e d s . ) ,  V ik ing Fund Publns. in Anthropol.,28 , 246
Bear, F.E. (1964) Ed.: ’ Chemistry o f  the S o i l ' ,  2ndedn., ACS Monograph 160,
Van Nostrand
Behne, D., B ratter, P . ,  Gawlik, D., K e l le r ,  C., M oller , J . ,  Rosick, U. (1976) 
7t l^S c ie n t i f i c  Meeting o f  Deutsche Gesellshaft fur Med. Phys., Heidelberg
Benes, J . ,  Frana, J . ,  Mastalka, A. (1974) C o l l .  Czech. Chem. Commun., 39, 2783
Bereznai, T . , MacMahon, T.D. (1977) ULRC/RES/14
Bernstein, D.S., Sadowsky, N ., Hegsted, D.M., Guri, C.D., Stare, F.J. (1966)
J. Amer. Med. A ssoc . , 198, 499
Bibby, D.M., Guinn, V.P. (1976) J. Radioanal. Chem., 29_, 121
Blotcky, A .J . ,  Rack, E .P., Recker, R.R., L e f f l e r ,  J .A . , Teitelbaum, S. (1978)
J. Radioanal. Chem., 43, 381
Bode, P ., de Bruin, M., Korthoven, P.J.M. (1975) J. Radioanal. Chem., 26;, 209 
Boot, S.J. (1977) AERE-R8654
Boulton, R.B., Ewan, G.T. (1977) Anal. Chem., 49, 1297
Bowen, H.J.M. (1966) 'Trace Elements in  B iochemistry ', Academic Press
Bowen, H.J.M. (1974) J. Radioanal. Chem., 19, 215
Bowen, H.J.M. (1975) At. En. Rev., 15, 451
Bowen, H.J.M. (1977) in ’ The Chemical Environment1, J.Lenihan and W.W.Fletcher 
( e d s . ) ,  ’ Environment and Man*, 6  ^ c h . l ,  Blackey
B ratter ,  P . ,  Gawlik, D., Jost, P . ,  M oller , J . ,  Reimers, P. (1977) Z. Anal.
Chem., 283, 121
Braun, T . , Lyon, W.S., Bujdoso, E. (1977) Anal. Chem., 49_, 682A
Brunelle, R .L .,  Hoffman, C.M., Snow, K.B., Pro, M.J. (1969) J. o f  A.Q.A.C.,52,911 
Brun felt ,  A.O., Steinnes, E. (1969) Anal. Chim. Acta, 48, 13 
Buczko, Cs.M., Vas, L. (1977) Nature, 269, 792
ndBurcham, W.E. (1973) 'Nuclear Physics - an In troduction ’ , 2 edn., Longman
Burholt, G.D. (1976) ULRC/OPS/4
Burholt, G.D. (1977) ULRC/OPS/12, Addendum 1
Caldwell, R .L .,  M i l ls ,  W.R., A l len ,  L .S . ,  B e l l ,  P .R .,  Heath, R.L. (1966)
Science, 152, 457
Campbell, J .L . ,  McNelles, L.A. (1975) Nucl. Instr .  and Meth., 125, 205
Campbell, J .L . ,  Jorch, H.H., Thompson, J.A. (1977) Nucl. In s tr .  and Meth.,
140, 167
Carder, W. (1977) SAMPO Users Manual, ULRC
Carder, W., MacMahon, T .D ., Egan, A. (1978) Talanta, 25, 21
Cawse, P.A. (1974) AERE-R7669
Cawse, P.A. (1976) AERE-R8398
Cawse, P.A. (1977) ADAS Conf. on Inorg. Po lln . and A g r ic . ,  Imperial Coll.,London
Cook, S.F. (1960) in ’ The A pp lica t ion  o f  Quantitative Methods in Archaeology ’ , 
R.F. Heizer and S.F. Cook ( e d s . ) ,  V iking Fund Publns. in  An thropo l.,28,225
Cornwall, I.W. (1960) ib id . ,  265
C ove l l ,  D.F. (1959) Anal. Chem., 31, 1785
Currie, L.A. (1968) Anal. Chem., 40, 586
-  215 -
Dams, R., Rahn, K.A., Winchester, J.W. (1972) Environ. S c i .  Technol., _6, 441 
Dams, R., B i l l i e t ,  J . ,  Hoste, J. . (1975) In t .  J. Environ. Anal. Chem., 4_, 141 
Dantas, C.C., Ruf, H. (1975) Radiochimica Acta, 22, 192 
Davis, J.Co (1973) ’ S t a t is t i c s  and Data Analysis in Geology1, Wiley 
Davy, H. (1815) Ph il .  Trans., 105, 97
De Aisenberg, E .Y ., Cohen, I .M .,  Korob, R.O., Rude lli ,  M.D. (1973) Proc. Symp. 
on Nucl. A c t iva t ion  Techs, in the L i f e  Sciences, Bled, 1972, IAEA, Vienna
De Bruin, M., Korthoven, P.J.M. (1972) J. Radioanal. Chem., 10, 125
Deconninck, G., Stroobants, J . ,  Stone, W.E.E., C har lie r ,  H. (1976) Radiochem. 
Radioanal. L e tte rs ,  24, 331
Deme, S. (1971) 'Semiconductor Detectors fo r  Nuclear Radiation Measurement', 
Adam H ilger
Desaedeleer, G ., Winchester, J .W ., P i l o t t e ,  J .O ., Nelson, J.W., M o f f i t t ,  H.A. 
(1976) In t.  Symp. on the Development o f  Nuclear Based Techniques f o r  the 
Measurement, Detection and Control o f  Environ. Po llu tan ts , IAEA, Vienna
De Soete, D., G ijb e ls ,  R . , Hoste, J. (1972) 'Neutron A c t iva t ion  A n a ly s is ' ,
W iley-In tersc ience
Dojo, M, (1974) Nucl. In s tr .  and Meth., 115, 425
Donn, J .J . ,  Wolke, R.L. (1977) Health Phys., 32.* 1
Douglas, S.G. (1977) Univ. o f  Brunei, p r iva te  communication
Douglas, S.G. 0-978) Ph.D. Thesis, Univ. o f  Brunei
Egan, A . ,  Spyrou, N.M. (1976) Anal. Chem., 48, 1959
Egan, A. 0977) Ph.D. Thesis, Univ. o f  Surrey
Egan, A , ,  Kerr, S .A ., Minski, M.J. (1977) Radiochem. Radioanal. L e t t e r s ,28,369
Eisenbarth, P ., H i l l e ,  P. (1977) J. Radioanal. Chem., 40, 203
E ll in g e r ,  M., Janghorbani, M., Starke, K. (1976) J. Radioanal. Chem., 32, 473
England, E.A.M., Hornsby, J .B .,  Jones, W.T., Terrey, D.R. (1968) Anal.
Chim. Acta, 40, 365
Englemann, Ch., Scherle, A.C. (1970) J. Radioanal. Chem., <6, 235
Englemann, Ch. 0971) J. Radioanal. Chem., 7, 89
Ezra, H.C., Cook, S.F. (1957) Science, 126, 80
-  216 -
Farquhar, R.M., Bregman, N., Badone, E., Beebe, B. (1978) 18 In t.  Symp. 
on Archaeometry and Archaeo log ica l Prospection, Bonn
Federal R eg is ter  (1977) o f  the U.S. Environmental Pro tec tion  Agency, 42,
Part V, no. 240,’ Lead: Ambient A ir  Quality  Standard'
Gage, S .J . ,  Atkinson, G.D., Bouchey, G.D, (1973) Nucl. Tech., 17, 247
Gallagher, W.J., C ip o l la ,  S.J. (1974) Nucl. In s tr .  and Meth., 122, 405
Gambarian, R.G. (1972) Proc. Symp. on Nucl. A c t iva t ion  Techs, in the L i f e  
Sciences, Bled, 1972, IAEA, Vienna
Gehrke, R .J .,  Helmer, R.G., Greenwood, R.C. (1977) Nucl. In s tr .  and Meth.,
147, 405
G ile s ,  I .S . ,  Peisach, M. (1976) J. Radioanal. Chem., 32, 105
G irard i,  F ., Guzzi, G., Pauly, J. (1965) Anal. Chem., 37, 1085
Givens, W.W., M i l ls ,  W.J., Caldwell, R.L. (1969) Proc. In t .  Conf. on Modern 
Trends in A c t iva t ion  Analys is , Gaithersburg, Maryland, 1968, NBS Special 
Publn. 312, I I ,  929
Givens,' W.W., M i l ls ,  W.R., Caldwell, R.L. (1970) Nucl. In s tr .  and Meth.,80,95
Golanski, A. (1969) J. Radioanal. Chem., _3, 161
Gordon, G.E., Z o l le r ,  W.H., Gladney, E.S. (1974) Proc. Symp. on Trace Subst. 
in  Environ. Health, Univ. o f  M issouri, Co., 7, 167
Grob, K ., Grob, G. (1971) J. Chromatog,, 62, 1
G ro ff ,  D.W. QL971) in  ’ Science and Archaeology ’ , R.H. B r i l l  ( e d . ) ,  MIT Press, 
p p . .272-8
Habibi, K. (1973) Environ. Sc i.  Tech., 7_s 223
Hamaguchi, H., Kanno, H., Kasai, M., Kawashima, Y. (1975) Anal, Chim. Acta,
75, 445
Hansen, J .S . ,  McGeorge, J .C .,  Nix, D., Schmidt-Ott, W.D., Unus, I . ,  Fink, R.W.
C1973) Nucl. In s tr .  and Meth., 106, 365
Harbottle , G. (1976) Radiochemistry, _3, 33
Hasan, 0 . ,  Spyrou, N.M. (1973) Proc. Symp. on Nucl. A c t iva t io n  Techs, in  the
L i f e  Sciences, Bled, 1972, IAEA, Vienna
Henkelmann, R., Stark, H., Born, H.-J. (1969) Radiochimica Acta, U_, 101
Hevesy, G., Lev i, H. (1936) Kgl. Danske Videnskab. Selskab, Math.-Fys. Medd., 
14, 1
Heydorn, K ., Lada, W. (1972) Anal. Chem., 44, 2313
-  217 -
i. 1_
Heydorn, K. (1976) In t. Symp. on the Development o f  Nuclear Based Techniques 
fo r  the Measurement, Detection and Control o f  Environ. Pollutants, IAEA, 
Vienna
Hislop, J .S .,  Williams, D.R. (1970) Proc. Soc. Analyt. Chem., 7_, 193
Hnatowicz, V ., F iser , M. (1978) Nucl. Instr . and Meth., 150, 349
Hodge, H.C., Smith, F.A. [1972) in 'M e ta l l ic  Contaminants in Human Hea lth ’ , 
D.K.H. Lee (e d . ) ,  pp. 163-187
Hodgson, J.F. (1963) Advances in Agronomy, 15, 119
Hodgson, J.M., H o l l is ,  J.M., Jones, R .J .A .,  Palmer, R.C. (1976) J. S o i l  S c i . ,  
27, 411
Hopke, Ph.K., Ruppert, D.F., C lute, P .R ., Metzger, W.J., Crowley, D.J. {1976)
J. Radioanal. Chem., 29, 39
Hoskins, C.R., Fryd, C.F.M. (1955) J. Appl. Chem., _5, 85
Hughes, D.J. (1953) 'P i l e  Neutron Research', Adison-Wesley
IAEA (1970) 'Neutron Fluence Measurements', Technical Report Series 107, Vienna
IAEA (1974) 'Handbook on Nuclear A c t iva t ion  Cross S ec t io n s ',  Vienna
IAEA (1976) Ana lyt ica l Quality  Control Serv ices, Information Sheet G-l, Vienna
Iyengar, G.V. (1976) Radiochem. Radioanal. Le tters , 24, 35
Je rv is ,  R.E., Paciga, J .J . ,  Chattopadhyay, A. (1976) In t .  Symp, on the
Development o f  Nuclear Based Techniques fo r  the Measurement, Detection and 
Control o f  Environ. Po llu tants , IAEA, Vienna
Jones, R.J.A. (1978) S o i l  Survey o f  England and Wales -  private  communication
Jorch, H.H., Campbell, J .L . (1977) Nucl. Instr . and Meth., 143, 551
Keeley, H.C.M. (1975) Ancient Monuments Laboratory - p r iva te  communication
Kinlen, L. (1975) B r it .  Dent. J . ,  138, 221
K line, J .R .,  Brar, S.S. (1969) S o i l  Sc i. Soc. Amer. P roc .,  _33, 234
Kokta, L. (1973) Nucl. In s tr .  and Meth., 112, 245
Kubota, J. (1972) Annals o f  the New York Academy o f  Sciences, 119, 105
tflLapp, R.E., Andrews, H.L. (1972) 'Nuclear Radiation Phys ics ',  4 edn,, Pitman
Ledbetter, J.O. (1973) 'A i r  P o l lu t ion ' ' ,  (2 v o l s . ) ,  Marcel Dekker
Lederer, C.M., Hollander, J.M., Perlman, I .  (1968) 'Table o f  Iso topes ',
6tbedn., Wiley
-  2 1 8 -
Lee, D.M., Lamb, J .F . ,  Markowitz, S.S. (1971) Anal. Chem., 43, 542
Le Riche, H.H., Weir, A.H. (1963) J. S o i l  S c i . ,  14, 225
Limbrey, S. (1975) 'S o i l  Science and Archaeology ',  Academic' Press
L is , S .A ., Hopke, Ph.K ., Fasching, J .L . (1975) J. Radioanal. Chem., 25, 303
MacMahon, T.D. (1976) ULRC/RES/6
MacMurdo, K.W., Bowman, W.W. (1977) Nucl. In s tr .  and Meth., 141, 299
Maenhaut, W., Z o l le r ,  W.H. (1976) Proc. In t, Conf. on Modern Trends in 
A c t iva t ion  Analysis, Munich, 416
Marier, J.R. (1977) S c i.  Tot. Environ., 8^ , 253
Mantel, M., A l fa s s i ,  Z .B ., Amiel, S. (1978) Anal. Chem., 5 0 ,  441 
Mason, P . I .  (1978) Ph.D. Thesis, Univ. o f  Surrey 
M attingley, G.E.G., W illiams, R.J.B. (1962) J. S o i l  S c i . ,  13, 254 
McConnell, D, (1962) Science, 136, 241
McNelles, L .A .,  Campbell, J .L . Q975) Nucl, In s tr ,  and Meth., 127, 73
Memagh, J .R .,  Harrison, J .E .,  Hancock, R., McNeill, iC.G. (1977) In t. J. 
appl. Radiat. Isotopes, 28, 581
Middleton, J. (1844) Proc. Geol, Soc. o f  London, <4, 431
M i l le r ,  D.A. (1976) Ph.D. Thesis, Univ. o f  C a l i fo rn ia ,  Irv in e
M i l l e r ,  D .A., Guinn, V.P. (19761 J. Radioanal, Chem., 32_, 179
Minski, M.J. (1977) ULRC -  p r iv a te  communication
M itch e l l ,  J.W., Bloom, E., Gooden, C.E. (1975) J. Radioanal, Chem., 25, 221
M itch e l l ,  R.L. ( 1964) *Trace Elements in  S o i l s ’ in  ’ Chemistry o f  the S o i l 1, 
F,E.Bear ( e d . ) ,  2nc? d n . ,  ACS Monograph 160, Van Nostrand
N ig g l i ,  E,, Overweel, C .J .,  Van der V lerk, I.M. (1953) Proc. Roy.
Netherlands Acad, o f  S c i . ,  s e r ie s  B, 56, 464
N ish ita , H ., Steen, A .J . ,  Wood, R.A. (1966) Health Phys., 12, 1299
Notea, A . ,  E lias , E. (1970) Nucl. In s tr .  and Meth., 86, 269
Oakes, T.W., Furr, A .K .,  Adair, D .J ., Parkinson, T.F. (1-76) Proc. In t .  Conf. 
on Modem Trends in  A c t iva t io n  Ana lys is , Munich, 1^ , 560
Oakley, K.P. (1963) in ’ The S c ie n t is t  and Archaeology ’ , E.Pyddoke ( e d . ) ,  
Phoenix House, pp. 111-9
-  219 -
Obrusnik, I . ,  Starkova, B., Blazek, J. (1976) In t.  Symp. on the Development 
o f  Nuclear Based Techniques fo t  the Measurement, De-ection and Control 
o f  Environmen. Po llu tan ts , IAEA, Vienna
Olmez, I . ,  Aras, N.K. (1976) Proc. In t .  Conf. on Modern Trends in A c t iva t io n  
Analysis, Munich, 1_, 443
Othman, I . ,  Minski, M .J., Spyrou, N.M. (1978) 5th Symp. on the Recent Develop­
ment in  A c t iva t ion  Analys is , Oxford
Ozek, F. (1973) M.Sc. Thesis, Univ. o f  Surrey
Parker, R.B., Murphy, J.W., Toots, H. (1974) Archaeometry, 16, 98 
Parr, R.M. (1978) IAEA, Vienna - p r iva te  communication
Parr, R.M., Houtermans, H., Schaerf, K. (1978) In t. Conf. on Computers in
A c t iva t ion  Analysis and Gamma-Ray Spectrometry, Mayaguez, Puerto Rico
Perlman, I . ,  Asaro, F. (1969) Archaeometry, 11, 21
P i l la y ,  K.K.S. (1976) J. Radioanal. Chem., 32, 151
Race, G.J., Fry, E . I . ,  Matthews, J .L . ,  Wagner, M.J., Martin, J .H ., Lynn, J.A. 
(1968) Am. J. Phys. Anthrop., 28, 157
Randa, Z. (1976) Radiochem. Radioanal. Le tte rs , 24, 157
R ic c i ,  E. (1975) Anal. Chim. Acta, 79, 109
Robertson, R., Spyrou, N.M., Kennett, T .J. (1975) Anal. Chem., 47, 65 
Ross itto , F .,  Terran i, M., Terran i, S. (1972) Nucl. In s tr .  and Meth., 103, 77 
Rottlander, R.C.A. (1976) J. Arch. S c i . ,  3, 83 
Routti, J .T. (1969) UCRL - 19542
Routti, J .T . ,  Prussin, S.G. (1969) Nucl. Instr . and Meth., 72, 125
Rowe, J .J . ,  Steinnes, E. (1976) Proc. In t. Conf. on Modern Trends in 
A c t iva t ion  Ana lys is , Munich, 1_, 529
Salmon, L . ,  Booker, D.V. (1972) AERE-R7129
Salmon, L. (1975) AERE-R7859
Salmon, L . ,  Atkins, D.H.F., F isher, E.M.R., Healy, C., Law, D .V ,(1977) 
AERE-R8680
Schock, H.H. (1977) J. Radioanal. Chem., 36, 557 
Schroeder, H.A. (1970) Arch. Environ. Health, 21, 789 
Schwarz, K ., Milne, D.B. (1972) Bioinorgan. Chem., 1, 331
-  220 -
S e itz ,  M.G., Tay lor, R.E. (1974) Archaeometry, 16, 129
Shackley, M.L. (1975) ’ A rchaeolog ica l Sediments’ , Butterworths
Singh, R. (1976) Nucl. In s tr .  and Meth., 136, 543
Sneath, P .H .A., Sokal, R.R. (1973) ’ Numerical Taxonomy', Freeman
Spumey, K.R., Lodge, J .P. (1972) NCAR-TN/STR-77 (3 v o l s . )  Nat. Centre fo r  
Atmos. Res., Boulder, Col.
Spyrou, N.M. (1972) - p r iva te  communication
Spyrou, N.M., F ricker, M.E., Robertson, R., Gilboy, W.B. (1973) Symp. on Nucl. 
Techs, in  Comparative Studies o f  Food and Environmental Contamination,
IAEA, Hels ink i
Spyrou, N.M., Ing le , K ., Ozek, F. (1975) Proc. 2nd In t .  Conf. on Nucl. Meths. 
in Environ. Res., Columbia, Mo., 1974, C0NF-740701, 106
Spyrou, N.M., Kerr, S.A. (1976) Internal Report SAK/NMS/2, Physics Dept.,
Univ. o f  Surrey
Spyrou, N.M., Maheswaran, P . ,  Nagy, K ., Ozek, F. (1976) In t .  Symp. on the 
Development o f  Nuclear Based Techniques fo r  the Measurement, Detection 
and Control o f  Environmental Po llu tants , IAEA, Vienna
Steinnes, E. (1971) in ’ A c t iva t io n  Analysis in Geochemistry and Cosmochemistry’ , 
A.O.Brunefelt and E.Steinnes (e d s . ) ,  U n iv e r s i t e t s fo r la g e t , Oslo, pp. 113-28
S te r l in sk i ,  S I. (1966) Nucl. In s tr .  and Meth., 42, 219
Stern, A.C. (1976) 'A i r  P o l lu t io n ' ,  (3 v o l s . ) ,  Academic Press
Takeda, Y . ,  Kitamura, M., Kawase, K*., Sugiyama, K. (1976) Nucl. Instr .  and 
Meth., 136, 369
Tani, A . ,  Matsuda, Y .,  Yuasa, Y . , Kawai, N. (1969) Radiochem. Radioanal.
L e tte rs ,  1_, 155
Thein, M. (1977) ULRC - p r iva te  communication
T i t e ,  M.S. (1972) ’ Methods o f  Physical Examination in Archaeology ', Seminar Press
Tobia, S .K., Sayre, E.V. (1974) in  'Recent Advances in Science and Technology 
o f  M ateria ls  *, A. Bishay ( e d . ) ,  j5, 99
Tomberlin, T .A .,  Eckhoff, N.D. (1975) Nucl. In s tr .  and Meth., 125, 5-9
Tomura, K ., Ohta, N. (1976) J. Radioanal. Chem., 34, 375
Tout, R.E. (1977) Ph.D. Thesis, Univ. o f  Surrey
Van der Klugt, N ., Poe ls tra ,  P . ,  Zwemmer, E. (1977) J. Radioanal. Chem.,
35, 109
Van der Linden, R., De Corte, F ., Hoste, J. (1974) J. Radioanal. Chem., +5 
113
Vogg, H ., H arte l, R. (1976) Proc. In t .  Conf. on Modern Trends in A c t iva t ion  
Analys is , Munich, Y  539
Wakat, M.A. (1971) Nuclear Data Tables, 8_, 445
Watt, B.F. (1952) Phys. Rev., _87, 1037
Weber, G., Guillaume, M. (1970) J. Radioanal. Chem., +, 379
Webster, G. (1965) 'P ra c t ic a l  A rchaeology ',  Adam and Charles Black
W.H.O. (1970) Monograph no. 59, Geneva
Wilkinson, A. (1977) Ancient Monuments Laboratory, DoE, - unpublished report
Yule, H.P. (1968) Anal. Chem., 40, 1480
Yule, H-.P., Rook, H.L. (1976) Proc. In t .  Conf. on Modern Trends in A c t iva t ion  
Analys is , Munich, 2, 1290
Zobel, V . ,  Eberth, J . ,  Eberth, U., Eube, E. (1977) Nucl. In s tr .  and Meth., 
141, 329
Z o l le r ,  W.H., Gordon, G.E., Gladney, E .S., Jones, A.G. (1973) Proc. Symp. on 
Trace Elements in the Environment, E.L.Kothney (e d . ) ,  Amer. Chem. Soc., 31
-  222 -
Valkovic, V. (1975) 'Trace Element A n alysis ',  Taylor and Francis
-  223 -
APPENDIX I
THE IAEA INTERCOMPARISON OF METHODS FOR PROCESSING 
Ge(L i) GAMMA-RAY SPECTRA
An intercomparison of methods o f  processing Ge(L i) gamma-ray spectra 
has been organised by the IAEA, the purposes o f  which are described in §1.6, 
This Appendix describes b r i e f l y  the form o f  the intercomparison (IAEA,
1976) and summarises the p r in c ipa l resu lts  o f  the evaluation (Parr e t  a l . ,  
1978; Parr, 1978). Nine spectra were provided, each covering an energy range 
o f 'v 1 MeV and, with one exception , contained iso la ted  s in g le  peaks. The 
other spectrum consisted o f a ser ies  o f  doublets (double peaks with varying 
r e la t iv e  in ten s it ie s  and degrees o f  overlap. The spectra were ( a r t i f i c i a l l y )  
generated to ty p i fy  three s p e c i f i c  c lasses o f  problem, namely:
i )  the detection o f small s ing le  peaks near the l im it  o f detect ion ,
i i )  the determination o f  p os it io n  and area o f more e a s i ly  detectab le  
s ing le  peaks,
i i i )  the determination o f  p os it io n  and area o f  doublets.
The nine spectra were rou tin e ly  analysed by SAMPO in an id en t ica l  procedure 
to that used fo r  a l l  gamma-ray spectra (§1 .6 ) .  For each peak found, the 
centroid and area, with corresponding e rro rs ,  were reported. These resu lts  
were evaluated by the IAEA and returned together with ranking scores 
ind ica t ing  th e ir  r e la t iv e  qu a lity  in the intercomparison (Parr e t  a l . ,  1978).
Reference Spectrum 100
This spectrum consisted o f  20 strong, iso la ted  peaks which were used 
in conjunction with the SHAPEDO routine to obtain the ch a rac te r is t ic  peak
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shape parameters (Gaussian width, lower and higher t a i l in g )  as a function o f 
channel number. I t  is  in te re s t in g  to note that the resu lts  obtained were 
independent o f  the peak f i t t i n g  in te r v a l  chosen, due to the exce l len t  
counting s t a t i s t i c s  and uniform background continuum. In te rva ls  o f 1,
2, 4 and 6 channels e i th e r  side o f  the peak and a constant 50 channels 
window were examined.
Test Spectrum 200
This spectrum consisted o f  22 peaks close to the l im it  o f de tect ion .
The PEAKFIND routine, described in  §1.7, located 16 true peaks and no 
spurious peaks, when a threshold s ign if ican ce  corresponding to 3,6/B (Eq. 
(1 .21 ))  was used. I t  is  true that th is  detection  l im it  is more conservative 
than the usual 2/B values reported in the preceding chapters; neverthe less , 
i t  is  debatable whether peak areas obtained from the f i t t i n g  o f  less 
s ig n i f ic a n t  peaks are at a l l  p rec ise  ( i . e .  the l im it  o f  determination in 
th is instance is  3.6/B), The ranking pos it ion  fo r  th is te s t  was 25 out o f 
192 sets o f  submitted resu lts .  Although a l l  true peaks were detected by 
at le a s t  2 d i f f e r e n t  peak-search methods, no method was able to detect more 
than 19 o f  the 22 true peaks. According to the IAEA eva luation , no one 
p a r t icu la r  peak-search method is  overwhelmingly superior in detect ing  a 
large number o f  true peaks, but v isua l methods and the use o f  the
second d e r iv a t iv e  (e .g .  PEAKFIND) are capable o f  m arginally  superior perform­
ance .
T es t  Spectra 300-305
Six id e n t ic a l  spectra, except fo r  d i f fe ren ces  due to counting 
s t a t i s t i c s ,  consis t ing  o f  22 peaks, were analysed by the FITD0 routine to 
evaluate the e f f e c t s  o f  counting s t a t i s t i c s .  D i f f i c u l t y  was only encountered 
in the case o f  one peak located on a Compton Edge fo r  which the FITS routine
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was required, enabling c loser  con tro l over the f i t t i n g  parameters. The 
evaluated ranking pos it ions  fo r  peak area and p os it io n  were 8 and 4 
r esp ec t iv e ly  out o f  a to ta l  o f  205 sets o f  submitted r esu lts .
A s ig n i f ic a n t  d e fec t  o f  the SAMPO program was ev ident from the resu lts  
o f  th is t e s t ,  namely underestimation o f  the ca lcu lated  standard deviations 
of the resu lts .  This is  most apparent fo r  the standard deviations o f  peak 
pos it ion  as evidenced by the resu lts  fo r  these spectra, which are too low 
by a fa c to r  o f  10, or more, in many cases. The e rro r  determinations on 
peak areas were s a t is fa c to ry  in most cases, with the exception o f  the peak 
in the neighbourhood o f  a Compton Edge, f o r  which the standard devia tion  
was underestimated by a fa c to r  o f  2.
Test Spectrum 400
Analysis o f  th is  spectrum, consisting  o f  9 doublets with various 
r e la t iv e  in ten s i t ie s  and degrees o f  over lap , by the automatic FITDO routine, 
f i t t e d  a l l  but 2 as s in g le ts !  The FITS routine was thus employed, although 
great d i f f i c u l t y  was experienced in reso lv in g  one doublet with peak 
separation o f  1 channel and r e la t i v e  in ten s ity  o f  10:1. In a routine 
analysis s itu a t ion ,  at le a s t  2 o f  these doublets would have been mistaken 
as s ing le  peaks. Two ranking p o s it io n s ,  one fo r  the estimates o f  r e la t iv e  
in ten s ity  and the other fo r  separation o f  the doublets, were both 5 out o f 
144 submitted sets o f resu lts .
In conclusion SAMPO has been shown to fare  w e l l  in  th is intercomparison, 
y ie ld in g  cons is ten tly  accurate and r e l ia b le  peak area and pos it ion  estimates. 
Peak pos it ion  errors have been shown as considerably underestimated, although 
peak .area e rro rs ,  o f  more importance to the studies reported here, were 
genera lly  found to be s a t is fa c to ry .  Automatic peak search and - f i t t in g ,
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employing PEAKFIND and FITDO routines, is  l ia b le  to t rea t  doublets as 
a s in g le  peak, unless they are separated by a minimum o f  ^ 3 channels;
hence the need fo r  v isu a l examination o f each f i t t e d  peak, provided on
m icrofiche by the FITDO routine.
Parr e t  a l .  in summarising the evaluation , found that the general 
p r in c ip les  underlying the methods o f  analysis did not co rre la te  with the 
wide range o f  reported performances, although some methods appeared capable 
o f  producing b e t te r  resu lts  than others, namely:
fo r  peak detection  -  v isu a l methods and the use o f  the 2nd d e r iv a t iv e  
f o r  determination o f  peak pos it ion  -  the f i t t i n g  o f  a parabola or
modified Gaussian function; 
fo r  determination o f  peak area o f  s in g le ts  or doublets and peak 
pos it ion  o f  doublets -  the f i t t i n g  o f  a modified Gaussian function,
Parr e t  a l . conclude that "success in evaluating the te s t  spectra is
not so much dependent on the p r in c ip le  o f  the method used but more on the 
d e ta i ls  o f  how th is method is  applied. This can perhaps best be described 
as the ' f in e - tu n in g 1 o f  the method11.
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APPENDIX I I
ANALYSIS BY GAS CHROMATOGRAPHY OF OXFORD AIR PARTICULATES
Gas chromatography (GC), as described here, is  a technique fo r  the 
qu an tita t ive  analysis o f  organic components separated from a mixture on 
the basis o f  th e ir  molecular weight and chemical s tructure. The p r in c ip le  
o f  GC separation is  the d is tr ib u t ion  o f  a sample between two phases. One 
o f  these phases is  a s tationary  bed o f  la rge  surface area, and the other 
(the mobile phase) is  a gas which perco la tes  through the sta tionary  bed. 
Separation occurs when one component is  held more strong ly  on the stationary 
phase than the other components, which tend to move on fa s te r  in the mobile 
phase.
The sta tionary  phase consists o f  an in e r t  support m ateria l ( in  th is 
case, C e l i t e  100-120 mesh) coated in a n o n -vo la t i le  l iqu id  (5% OV-17) 
N itrogen , the c a r r ie r  gas in to  which the sample is  in je c ted ,  comprises 
the mobile phase and passes through the column at a f low  rate o f  20 ml.min- 1 . 
A schematic diagram o f  the GC system is  shown in F ig .  ( I I . 1 ). The column 
containing the s tationary  phase is  enclosed in an oven, the temperature o f  
which fo llow s a programmable cyc le  fo r  each sample. The temperature 
programme maintains a constant 60°C fo r  5 min fo llow ed  by an increase o f  
80C.min-1 up to a maximum o f 125°C. A cyc le  o f  th is kind enables the sample 
to pass through the column as quickly as poss ib le  w h i ls t  at the same time 
achieving separation o f the components. The temperature 'ramp' is  necessary 
to speed-up the passage o f  the slower moving sample components.
Quantitative  analysis o f  the components was performed by a Flame 
Ion isa t ion  Detector (F ID ), at the end o f  the column. In th is  d e tec tor ,  the 
c a r r ie r  gas is  mixed with hydrogen and a i r  and burnt in a j e t .  A c o l le c to r
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FINE CONTROL
F ig . ( I I .  1) : Schematic diagram o f a ga*s chromatography system.
e le c trode ,  with a DC p o ten t ia l  app lied, is  pl.aced above the j e t  and 
measures the conductiv ity  o f  the flame. With pure hydrogen the conductiv ity  
is  qu ite  low; however as organic compounds a r^  combusted the conductiv ity  
increases, proportionate ly  with the quantity  -present, and the resu lt in g  FID 
s ignal is  am plified  and displayed as a trace a chart recorder. As each 
organic component passes through the column, --a peak appears on the trace , the 
area under which corresponds to the quantity o f  that p a r t icu la r  component.
The advantages o f  the GC technique are:
a) Speed -  complex analyses may be accomplished in a matter o f  minutes
b) Resolution -  separation o f  complex m ixtures which are e i th e r  extremely
d i f f i c u l t  or impossible by other techniques are rou tine ly  performed by
GC.
c) Q u a lita t ive  analysis -  the reten tion  time * i . e .  the time taken from
sample introduction to peak maximum, is  a ch a ra c te r is t ic  o f  the sample
sta tionary  phase and column temperature. Several compounds can have
s im ila r  or id en t ic a l  re ten tion  times, but each compound has only one
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reten tion  time, unaltered by the presence o f  other components in 
the sample mixture.
d) S e n s it iv i t y  -  the FID has a la rge  l in ea r  range (1-107) and ea s i ly
detects organic compounds present in ppm concentrations in small samples 
( t y p ic a l ly  10 y£ sample s o lu t io n ) .
Analysis o f  the Oxford A ir  P a r t icu la te  Samples
The p e l le t t e d  f i l t e r  membranes, fo l low in g  INAA, were stored fo r  
s u f f ic ie n t  time to allow measurable r a d io c t iv i t y  to decay to a safe l e v e l  
(<< 0.1 y Ci/sample). The f i l t e r s  were then subjected to GC analysis by 
S.G. Douglas at Brunei U n ivers ity  (Douglas, 1978), The hydrocarbons were 
extracted  in warm (46°C) carbon d isulphide. The volume o f  carbon disulphide 
was reduced to 100 y£ and a 10 y£ sample introduced to the chromatograph. 
Spiked samples o f s im ila r  concentration were processed in the same manner 
and no loss o f  sample found. P r io r  to ex tract ion  the f i l t e r s  were phys ica lly  
disturbed to allow more e f f i c i e n t  mixing o f  the sample and solvent.
Analysis o f  the a i r  f i l t e r  samples proved to be d i f f i c u l t  due to the 
high organic impurity le v e ls  o f  the clean 'M i l l ip o r e '  f i l t e r  membranes 
(b lanks); 'Nuclepore ' membranes were found to contain much lower impurity 
le v e ls .  However, jud ic ious s e le c t io n  o f  the operating conditions permitted 
the analysis o f  the fo l low in g  hydrocarbons: Toluene, Ethyl benzene, n-heptane, 
n-octane and n-nonane. These resu lts  are presented in F ig . ( I I . 2 ).  The 
measured concentration ( in  ppb) are genera lly  lower than expected in an 
urban atmosphere as shown by the comparison in Table ( I I . 1) o f  mean 
concentrations o f  the organic po llu tan ts  in the Oxford C ity-Centre, Brunei 
U n ivers ity  and Zurich atmospheres.
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Table ( I I . 1) : Mean concentrations o f  organic pollu tants in the 
atmosphere o f  Oxford, Uxbridge and Zurich.
Compound
Oxford City-Centre 
( th is  work)
Brunei U n ivers ity ,  
Uxbridge 
(Douglas,(1977))
Zurich 
(Grob and Grob (1971))
PPb Ppb ppb
toluene 19.5 49.9 39.
e thy l benzene 3.8 16.1 8.7
n-heptane 5.8 ” 34.
n -octm e 4.6 13,5 3.4
n-nonane 5.3 10.1 1.7
This may be due to the long storage time p r io r  to sample ana lys is , 
during which p a r t ia l  v o la t i l i s a t i o n  o f  the organic components may have 
occurred. Furthermore, v  5 days ir ra d ia t io n  in the reactor  may have 
enhanced these losses (core  coolant temperature v 40°C). The p o s s ib i l i t y  
o f  rad iation  damage to the organic compounds should also not be excluded. 
However, although the more h eav i ly  po llu ted  f i l t e r s  w i l l  have su ffered  
grea ter  losses than the 'c lea n e r ' ones, i t  is  reasonable to assume that 
these losses w i l l  not in fluence the r e la t iv e  va r ia t ion s  s ig n i f ic a n t ly ,  since 
the organic compounds are present in s im ila r  (order o f  magnitude) concentrations 
in a l l  the samples.
Cluster analysis has been performed on these r esu lts ,  in combination 
with the trace element analyses and environmental data, in an id en t ica l  
manner to that described in §4.6. The l in e  p r in te r  vers ion  o f  the dendro­
gram is  shown in F ig . ( I I . 3) where i t  can be seen that the hydrocarbons 
form a c lu s ter  o f  th e ir  own w ith e thy l benzene as an o u t l i e r .  S ign i f ic a n t ly ,  
the organic compounds are not c lustered e i th e r  with obscuration and the 
trace elements, or w ith t r a f f i c  f low . However, c lose examination o f  the 
s im i la r i t y  matrix (not reproduced here) shows that the hydrocarbons are more
- . 1 9 9 1  - . 0 0 3 6  . 1 9 2 0  .38 76 . 5 8 3 2  . 7 7 8 8  
- . 2 9 6 9  - . 1 0 1 3  . 0 9 4 2  . 2 8 9 8  . 4 8 5 4  . 6 8 1 0  . 8 7 6 6
<^oaa<a^o©oc><}ciOQeifooDi!>^cjaniB^Qi9c7Ca^oaai94>o0oc>^oe>c>D<^af3oo<}(BQ»ai^.(Daa»f
r CrX
Q oaoo aia 0Do oao ot> »o0 Eio CMV Al
1
1 »«»«.«. Zn
1 I
T MnA
A 0■ * » « « « Br
i i
Sb
i i
Obscuration
i i
VI
I
i
Traffic Plow
I I
Temperature
I 1
r SunshineA
I oaeiB»i»oa5jci*»oe»raO0®oo«a0n»» Air Pressure
I I 
j j
Ethyl benzene
Toluene
I I  I 
1 1  1 , 0 . 0 0 . . . n-octane
I I  I I
n-nonane
I I I
T n-heptaneA
Wind Speed
i i
Humidity
I i i
Rainfall
^ORDa4.aoDO^ODoa»foaao^paciet^aE>Do|naais|(90c>(9].aoopfooaB^oat>o^K.i»an4
- . 2 9 6 9  - . 1 0 1 3  . 0 9 4 2  . 2 8 9 8  . 4 8 5 4  . 6 8 1 0  . 8 7 6 6
- . 1 9 9 1  - . 0 0 3 6  . 1 9 2 0  . 3 8 7 6  . 5 8 3 2  . 7 7 8 8  
D E N D R O G R A M  - V A L U E S  A L O N G  X - A X I S  A R E  S I M I L A R I T I E S  (r)
F ig ,  (11,3) : Dendrogram resu lt in g  from WPGMA c lus ter in g  o f  combined 
data .
h ighly  corre la ted  with bromine than any other parameter. The co rre la t ion  
c o e f f ic ie n ts  with bromine are: toluene (0 .46 ),  e thy l benzene (0 .30 ),  n-heptane 
(0 .37 ),  n-octane (0.69) and n-nonane (0 .60 ).  I t  is  the ’ non-overlapping’ 
property o f  the c lus ter ing  procedure (Appendix I I I )  i . e .  that an ob jec t or„ 
a t t r ib u te ,  once c lustered , cannot be moved to a new c lu s te r ,  that separates 
the bromine from the hydrocarbons and d is to r ts  the resu lts  as presented in 
the dendrogram. Despite th is fa c t ,  i t  is  s ig n i f ic a n t  that o f  a l l  the para­
meters, the hydrocarbons should co rre la te  with bromine since i t  was concluded
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in §4.7 that bromine in the atmosphere is  p r in c ip a l ly  o f  vehicu lar 
o r ig in .  This indicates that the organic compounds measured in the Oxford 
p a r t icu la te  samples are unbumt hydrocarbons resu lt in g  from incomplete 
combustion or evaporative losses o f  v eh ic le  fu e l .
The resu lts  o f  th is study show how two complementary techniques such 
as INAA and GC may be success fu lly  used in combination to provide greater  
in s igh t  into a s p e c i f i c  problem. The ’ non-destructive* nature o f the INAA 
technique is  id e a l ly  suited fo r  co llabora t ion  o f  th is nature.
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APPENDIX I I I
CLUSTER ANALYSIS
The c lu s ter  analysis procedure s ta r ts  from a matrix o f  s im i la r i t ie s
which records the re la tionsh ips  between n ob jects  (the samples), each
characterised by m a ttr ibu tes  ( e .g .  measured elemental concentrations).
Although a large number o f  measures o f  the s im i la r i t y  between ob jects  have
been postu lated (Sneath and Sokal, 1973), the p r in c ipa l one employed fo r  this
study is  the Mean Euclidean Distance, d Each sample, characterised by
& 9 D
m a ttr ib u tes ,  may be represented by a s ing le  poin t in m-dimensional space.
The d istance, d , , between any 2 po in ts ,  a and b, in  m-space is  defined as: a , d
d . a,b
m
-  j (a. -  b . ) : m . f e i  i y
1=1
( I I I . l )
where a. and b. are the concentrations o f  element i  in samples a and bi i
resp ec t iv e ly  (1 < i  < m ). The smaller the value o f  d , , the more s im ila r  are 
the objects a and b, and the task o f  c lus ter ing  samples with s im ila r  elemental 
composition becomes a matter o f  searching fo r  c lusters  o f  points in m-space. 
Inspection o f  Eq. ( I I I . l )  shows that d , w i l l  be in fluenced most s trongly  by
gL 9 D
the va r iab le  which has the g rea tes t  magnitude. Two options are ava ilab le  
to overcome th is .  E ither the m x n raw data matrix is  standardised (to  g ive  
each elemental d is tr ib u t ion  a mean o f  0 and standard dev ia tion  o f  1) p r io r  
to computing the distance measurements, thus ensuring that each va r iab le  is 
weighted equally ; or the data is  converted to log concentrations in order 
to  g ive  equal weight to the same fra c t io n a l  change in any element, 
regardless o f  i t s  concentration range. The l a t t e r  method is  p re fe rred  by 
Harbottle  (1976) since the data does not form a closed s e t ,  being an
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absolute sca le , and so may be added to at any time when additional data 
become ava i la b le .  Computation o f  the s im i la r i t ie s  between a l l  poss ib le  
pairs o f  ob jects resu lts  in an n x n symmetrical matrix upon xrfiich the 
c luster ing  is  performed.
The program CLUSTR performs c luster ing  according to the weighted 
pair-group method using arithm etic  averages (WPGMA), The f i r s t  step in this 
procedure is  to locate  pairs  o f  ob jects  with the mutually h ighest s im i la r i t i e s  
to form the centres of c lusters  i . e .  pairs o f  ob jects  fo r  which the s im i la r i t y  
c o e f f ic ie n ts  d , and d, are the highest c o e f f ic ie n ts  in th e ir  respective
a. p D D 9 a.
columns. The s im i la r i t y  matrix is  then recomputed, trea t in g  c lustered  pairs 
as s ing le  ob jec ts . Reca lcu lation  o f  the s im i la r i ty  matrix invo lves find ing  
the arithm etic average o f  the s im i la r i t ie s  between any ob jec t  and the two 
comprising the c lustered p a ir .  The c luster ing  cycle  is  now repeated such 
that each new c luster  that is  formed, or each e x is t in g  one that is  added to, 
is  again treated as a s in g le  ob jec t  f o r  the purposes o f  reca lcu la t ing  the 
s im i la r i ty  matrix. As the analysis proceeds, the dimensions o f  the matrix 
reduce u n t i l  f i n a l l y  a 2 x 2 matrix o f  s im i la r i t ie s  between the la s t  
remaining two c lusters  is  obtained at which point a l l  the objects have been 
clus tered.
The resu lts  o f the c lu s te r in g  procedure are most c le a r ly  displayed 
by a ’ dendrogram’ , in which the ob jects  are linked together at s im i la r i t y  
le ve ls  ( ind icated  by a sca le  at the side o f the diagram) defined by the 
junction points o f  the dendrogram ( c . f .  F ig . ( 5 . 9 ) ) .
The WPGMA method is  one o f  a range o f  c luster ing  techniques employing- 
the SAHN approach (H arbott le ,  1976), which stands fo r  ’ S equ en tia l ' ,
' Agglomerative*, ’ H ie ra rch ic ’ and ’ Non-overlapping’ , According to Harbottle ,
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" 'S equ en tia l ’ implies a recurring mathematical operation which gradually 
attacks the universe o f  sample points in hyperspace (m-space), by l ink ing  
together ( ' agglom erative ’ ) the points into c lu s te rs " .  'H ie ra rch ic '  means 
that, during the course o f  c lu s te r in g ,  small c lusters  may be combined to 
form la rger  ones, w ith the r esu lt  that, on completion o f  the ana lys is , a l l  
objects are included in one la rge  c lu s te r .  'Non-overlapping ' means that, 
at any poin t during the an a lys is ,  an ob jec t ,  once i t  has been assigned to a 
c lu s te r ,  may not belong to more than one c lus ter  and also may not be moved.
The p r in c ipa l c r i t ic is m  le v e l l e d  at the WPGMA method (Sokal and 
Sneath, 1973; Davis, 1973) is  that ob jects most recen tly  assigned to a 
c luster  are weighted equally  w ith a l l  e x is t in g  members, due to the method 
o f  reca lcu la t ing  the s im i la r i t y  matrix, with the resu lt  that ob jects  which 
are admitted in the l a t t e r  stages o f  analysis , d is to r t  the c luster  
d isproportionate ly  w ith th e ir  importance. This e f f e c t  is  more appreciable, 
the la rger  the number o f  ob jects  to be c lustered .
C luster analysis may also be performed on a ttr ibu tes  simply by 
transposing the raw data matrix supplied to the CLUSTR program. This 
f a c i l i t y  suits the requirement o f  id en t i fy in g  re la tionsh ips  between various 
parameters measured on a la rge  number o f  ob jects  e .g .  elemental and meteo­
ro lo g ic a l  data in r e la t io n  to a i r  p a r t icu la te  samples (§4 .6 .4 ) ,  Another 
obvious m odifica tion  to the c lus ter in g  method is  the choice o f  an a lte rn a t iv e  
s im i la r i ty  c o e f f i c ie n t .  In addition to the Mean Euclidean Distance, d ,
et y D
(Eq. ( I I I . l ) ,  the CLUSTR program also makes ava ilab le  the Corre la tion  
C o e f f ic ie n t ,  r , , (Eq. (4 .4 ) )  used to produce the dendrogram in F ig ,  (4 .6 ) .
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